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PREFACE 


In applying an unfamiliar theory most students and junior designers feel the 
need of checking their understanding of it by closely following through an illus- 
trative example. It is with the purpose of presenting a considerable number 
of new examples that the typical elementary problems in the design of steel 
and timber structures and details are here submitted. Many of these have 
been employed in one form or another for years in our lectures and as guides 
in the preparation of similar designs in the drafting rooms. The problems 
presented do not in any sense constitute a treatise or a complete systematic de¬ 
velopment of the subject, but merely indicate the method of applying elementary 
structural theory to the design of characteristic structures, members, and details. 

It is presumed that the reader has already acquired a sound basic knowledge 
of statics and mec'hanics of materials. Consequently the computation of 
stresses necessary in the design of the stru(*tures has, wherever practicable, 
been treated briefly. 

No effort has been made in this volume to derive the various formulae em¬ 
ployed. They have, however, been stated at the beginning of the earlier chap¬ 
ters along with carefully prepared definitions of the terms involved. Refer¬ 
ences have been given in many places to standard textbooks dealing with struc¬ 
tural mechanics and the theory of structures. The volume has not been pre¬ 
pared to replace any of the excellent treatises on the theory of structures but 
serves as a supplement to them wholly as a source of problems. 

Special attention is drawn to the large number of exercise problems at the 
ends of many chapters. These, for the most part, are brief enough to serve 
as questions for tests or for examination papers, and in many cases they have 
been so used. It is believed that the answers to these problems, which are 
given in Appendix I, will encourage the solution of them by students. 

A deliberate variation of permissible stresses and design assumptions has 
been made in the text for the purpose of familiarizing the student with differ¬ 
ent specifications and for forcing a close attention to the stated data of the 
problem. Not all the specifications cited are such as we would personally 
recommend but are given as characteristic specifications in use under one cir¬ 
cumstance or another at the present time. 

Opportunity has been taken in this Third Edition to rewrite completely 
Part II, dealing with timber structures. Metal timber connectors have been 
employed wherever these are applicable, with increased compactness of joints 
and resultant general economy in the structures affected. The design of a 
glued-laminated tied arch is included as a typical example of modern timber 


technique. 


C. R. Young 


University of Toronto, 


C. F. Morrison 


November, 1948. 
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Part I 

STEEL STRUCTURES 


CHAPTER I 
TENSION MEMBERS 


1. Fundamental Formulae for Tension Members.—The following 

formulae are applicable to tension members: 

For members centrically loaded 


11 

(1) 

il 

(2) 

For members subjected to direct axial tension and to cross bending arising 
either from eccentricity of the axial loading or from transverse loading, such 
bending being in the plane of a principal axis 

f 4. r - ^ 4. _ -P 4. ^ 

(3) 

... P . My, 

+ il/ = ”1 ^ 

Pt r^Pt 

(4) 


For members subjected to combined axial tension and symmetrical bending, 
where the effect of deflection is considered 




/ + 


CE 


A* + A/ = 




My, 


caeJ 


• See Appendix II. 


(5) 

( 6 ) 
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Johnson, Bryan and Tumeaure—Modem Framed Structures, Pt. III. 

Shedd—Structural Design in Steel. 

Swain—Structural Engineering. 

The significance of the symbols employed in the above formulae is as follows 
[symbols used in connection Tvith special or empirical formulae being defined 
later where such formulae occur]: 

A — effective area required or provided, as the exjiression may indicate; 
Af — area reiiuired for flexure; 

At = area required for tension; 

C = a coefficient having approximate values; 

Members free to turn at both ends, C = 10 
Members free to turn at one end and fixed at the other, uniform 
load, 

Centre moment, C = 13 
End moment, C = 23 

Members free to turn at one end and fixed at the other, single 
central concentrated load. 

Centre moment, C = 17 
End moment, C = 20 
Members fixed at both ends, uniform load. 

Centre moment, C = IG 
End moment, C = 32 

Members fixed at both ends, single concentrated load. 

Centre and end moments, C = 24 

E = modulus of elasticity of the material; 

// = existing extreme fibre stress due to flexure; 

= existing fibre stress due to centric axial tension; 

I = moment of inertia of the cross section about its gravity axis normal 
to the plane of bending; 

I = length of tension member in the same unit of k'ligtli as is involved 
in A, E, /, 7, M, p, r and ij defined in this article; 

M = bending moment; 

P= external axial force; 

pt = permissible stress in tension per unit of effective net area; 
r= radius of gyration; 

S ~ section modulus = I/Ve] 

ye = distance from neutral axis to that extreme fibre of a member in flexure 
at which the bending stress is sought. 

2. Non-Upset Rod Tension Members. —The tic rods in a tile arch floor 
are to be of mild steel, 4 in. in diameter, threaded and not upset. If the net 
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thrust per lineal foot of beam is 1100 lb., find the theoretical spacing of the rods. 
pt — 16,000 lb. per sq. in. ' 

Net area of one rod, at root of thread, from structural liandbooks, =0.302 
sq. in. 

Value of one rod = 0.302 X 16,000 = 4840 lb. 

Safe spacing of rods = 4840/1100 = 4.40 ft. 

3, Upset Rod Tension Members. —A tension diagonal of the wind bracing 
of a tower is to carry a load of 25,000 lb. and is to be composed of one or two 
round or square upset threaded rods. Suggest a section. = 16,000 lb. per sq. in. 

Area required (Eq. ( 2 ), Art. 1 ) = 25,000/16,000 = 1.56 sq. in. 

As standard upsets give a considerable excess in area at the root of thread 
over the area in the body of the bar, the latter will govern. 

One li-in. square bar will do. Area = 1.563 sq. in. 

Two 1 -in. round bars with a combined area of 1.570 sq. in. would also do. 

Tlie single bar is preferable by reason of less handling and erection costs. 

4. Eye-Bar Tension Members. —^An adjustable eye-bar tension member 
carrying a load of 124,000 lb. is to connect at either end to a pin, estimated to 
be of 4-iii. diameter, and is to consist of either two or four bars, whichever num¬ 
ber is more practicable. The thickness of the bars is not to be less than one- 
eighth of their width nor less than | in., and their width is not to exceed eight- 
sevenths of the diameter of the pins. Heads are to be of the American Bridge 
Co. standard, pt = 18,000 lb. per sq. in. 

As the upset ends have a net area at the root of thread considerably in excess 
of the area in tlie body of the bar (see handbook), the latter wnll determine the 
size. 

Required area in body of bars (Ecp (2), Art. 1) = 124,000/18,000 = 6.88 
scp in. 

Maximum permissilde width of bars = 4 X 7 = 4.57 in., or using standard 
bars, 4 in. Minimum thickness for a bar of this width is f = 0.5 in., or, applying 
the second rule, I in.; the latter governs. 

Two 4 X I-in. bars giving 7.00 sq. in. are sufficient. 

Four bars cannot be economically employed because of limiting thickness’ 
rules. 

6 . Net Section of Riveted Tension Members. —Experimental investigation 
(Section 3, Bulletin 6 , 1926, School of Engineering Research, University of 
Toronto) has shown that the total number of rivet holes that should be de¬ 
ducted from the gross right sectional area of a tension member containing 
more than one line of holes may be considered as 

n = 1 + ^1 + ■ 2*2 + 3*3 + ... (1) 

where x is a fraction of a rivet hole depending on the ratio of stagger s to gauge g 
and having approximate values for 4 -, 1 - and li-iii. holes as given in the dia¬ 

grams of Fig. 1 . 

The above formula is to be applied to alternate sections, the successive terms 
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representing the deduction for successive holes considered in a chain across the 
member. The particular group of holes to be considered is that which will give 
the greatest total deduction, whether the holes lie on adjacent gauge lines or 
not. Where the ratio s/g is large, the corresponding x may be negative. 

For deduction purposes a hole is considered as having a diameter J in. 
greater than that of the rivet before driving. 

6. Simplified Deduction Rules for Rivet Holes.—For determining rivet- 
hole deductions Professor T. R. Loudon’s simplified rule (Section 10, Bulletin 
9, School of Engineering Research) 

X = 1.50 ~ s/g 

may also be used. In this, x^ s and g have the same significance as in Art. 5. 
The total number of holes to be taken out may be found by Eq. (1), Art. 5, 
but in no instance is a value of x to exceed unity. The results are somewhat 
more severe than those given by the diagrams. 

The modified Cochrane rule 

a; = 1 — sV3.5 gh 

while not so easily remembered or applied as Loudon’s, is more accurate for 
a wide range of stagger ratios s/g. In it, h = diameter of the hole. 

In the specifications of the Canadian Engineering Standards Association the 
stipulated rule is as follows: 

“Allowance shall be made in each component of the member for as many 
rivet holes as it contains gauge lines, unless the distance centre to centre of 
rivet holes, measured on the diagonal, is at least 40% greater than the dis- 
distance between the gauge lines.” 

Another type of rule is that employed in the Specifications for Steel High¬ 
way Bridges, of the American Society of Civil Engineers (1924): 

“In sections having rivets staggered, all rows shall be deducted unless 
arranged so that the net section along a zigzag line, taking all distances on the 
diagonal at 90% of their value, is greater than the corresponding net section 
across the plate.” 

The two last rules are less convenient than the preceding ones in that the 
diagonal distances between holes must be calculated. 

Still another type of rule that is sometimes employed is this: 

“The net section of a riveted member shall be the least area that can be 
obtained by deducting from the gross sectional area the area of holes cut 
by any plane perpendicular to the axis of the member, and parts of the 
areas of other holes on one side of the plane within a distance of 4 in. which 
are on a gauge line 1 in. or more from those of the holes cut by the plane, 
the area of each part being determined by the formula: 
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in which A = area of the hole, and p = the distance, in inches, of the centre 
of the hole from the plane.” 

7. Determination of Rivet-Hole Deduction. —Find the correct number of 
holes to be deducted from the gross right section of the tension plate shown in 
Fig. 2. Rivets, | in. Holes, for deduction, 1 in. 

A comparison of the deductions necessary on sections ABCDy ABCHI, 
ABFCDj ABFGjf ABFHI, EFCDj EFG and EFHI must be made. It is 
evident that the deductions along ABFG^ EFCD^ EFG and EFHI are less 
than along ABCD, These sections may, therefore, be neglected in the 
comparison. 

Noting the relation of stagger to gauge applicable to successive rivets, and 
making use of the curves of Fig. 1(c), the numbers of holes to be deducted for 
the remaining sections are: 

ABCD, 1 + 1 = 2.00 holes 

ABCHI, 1 + 1 - 0.52 = 1.48 holes 

ABFCD, 1 + 0.47 + 0.80 = 2.27 holes 

ABFHI, 1 + 0.47 + 0.96 = 2.43 holes 

Thus, ABFHI is the critical section and the deduction from the gross right 
section is 2.43 holes. 

8, Adequacy of Riveted Plate Tension Member.— A 6 X |-in. flat carry¬ 
ing a tension of 30,000 lb. is connected to a gusset jflate by seven 2-in. rivets 



Fig. 2. —Rivet Hole Deduction. Fio. 3. —Plate Tension Member. 


arranged as shown in Fig. 3. Express an opinion as to the safety of the plate 
in tension, apart from the security of the riveting, pt = 16,000 lb. per sq. in. 
Holes, for deduction, | in. 

Those sections likely to be most seriously stressed are the net sections along 
the lines ABC, ABFG, DEBFG and DEFG, having regard, of course, to the total 
stress in the plate at these sections. 
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The deductions at the sections named are, from Fig. 1(6), as follows: 
ABC, 1 + 0 =1.00 hole 

ABFG, 1 - 0.29 = 0.71 hole 

DEBFG, 1 - 0.29 - 0.29 - 0.42 hole 

DEFG, 1 + 1 =2.00 holes 


On section ABC, the net area is 6 X 0.375 — 1 X 0.875 X 0.375 = 1.92 
sq. in.; on section ABFG it is 2.25 — 0.71 X 0.33 = 2.02 sq^ in.; on section 
DEBFG it is 2.25 — 0.42 X 0.33 = 2.11 sq. in; and on section DEFG it is 
2.25 - 2.0 X 0.33 = 1.59 sq. in. 

At sections ABC, ABFG and DEBFG the total stress in the plate is 30,000 
lb., while at section DEFG it is only f of 30,000 = 25,710 lb., as the rivet B has 
delivered y of the applied force to the gusset plate. 

Along the section ABC the average existing stress is 30,000/1.92 = 15,620 lb. 
per sq. in.; along sections ABFG and DEBFG it is obviously less than this 
amount; along section DEFG it is 25,710/1.59 = 16,170 lb. per sq. in. 

The plate is therefore slightly overstressed on the section DEFG. 

HIJK is not a critical section, as the area here is the same as at DEFG and 
the total stress is only two-thirds as much. 

9. Efficiency of Tension Angles with or without Lugs. —^Analysis of the 
tests made on tension angles by Professor Frank P. McKibben (Engineering 
News, July 5, 1906, and August 22, 1907) and by J. E. Greiner (Transactions, 
A. S. C. E., Vol. 38) show, if the net areas are computed by the method of Art. 5, 
efficiencies of single angles connected by both legs ranging from 79.4 to 100%, 
with an average of 91.4%. In accordance with usual practice, where permis¬ 
sible stresses in tension run from 16,000 to 18,000 lb. per sq. in., the net area of 
such angles will be assumed as 100% efficient. 

Similar analysis of single angles connected by one leg only disclosed an 
efficiency ranging from 74.9 to 82.8%, with an average of 78.9%. In devising 
an api>roximate formula for the efficiency of single angles connected by one leg 
only, it has been thought well so to frame it that the efficiencies given thereby 
would bear the same ratio to the test efficiencies as the adopted design effi¬ 
ciency (100%) for angles connected by both legs bears to the average test effi¬ 
ciency of such angles (91.4%). 

A close approximation to the fractional effi¬ 
ciency of the net section of a single angle con¬ 
nected by one leg only is given by the formula 

e = 1.0 — 0.18 u/c 

where u and c are the lengths in inches of the 





4.—Single-Angle Tension 


outstanding and the connected legs respectively. Fig. 

10. Single-Angle Tension Member Con¬ 
nected by One Line of Rivets—^Approximate Method.— Design, by the ap¬ 
proximate method, a single-angle tension member for a load of 25,000 lb. to 
be connected to a |-in. gusset plate by a single line of rivets, as shown in Fig. 4. 
p/ = 16,000 lb. per sq. in. Rivets, f in. Holes, for deduction, | in. 
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For an e3cact design, the theory of unsymmetrical bending should be applied. 
Allowance for bending stress due to eccentricity in a single angle connected by 
one leg may be made by applying the formula of Art. 9 for the fractional efficiency 
of the net section 

c = 1.0 — 0.18 w/c 


Required effective net area — 25,000/16,000 = 1.56 sq. in. 

In general, an unequal-leg angle with the long leg connected is, on the 
ground of efficiency, preferable to an equal-leg one. 

Assume a X 3 X |-in. angle with 3|-in. leg connected. Gross area = 
2.30 sq. in. Deducting one |-in. hole, net area = 2.30 — 0.875 X 0.375 = 1.97 
sq. in. 

Effective fraction of net section is c = 1.0 — 0.18 X 3/3.5 = 0.846. Effective 
net section = 0.846 X 1.97 = 1.67 sq. in. 

The assumed section is adequate. 

11. Single-Angle Tension Member Connected by One Leg by Two Lines 
of Rivets—^Approximate Method.—Design, by the approximate method, a 
single-angle tension member for a load of 29,000 lb., to be connected to a |-in. 
gusset plate by two lines of rivets, as shown in Fig. 5. pt = 16,000. Permissible 

shearing and bearing stresses on 
rivets, 12,000 and 24,000 lb. per sq. 
in., respectively. Rivets, I in. 
Holes, for deduction, J in. 


BT" 


L 


-- 

0—0 



I 




n. £"x3"J“ 


3 

Riveis, 4 


Fig. 5.—Single-Angle Tension Member with 
Two Rows of Rivets. 


For an exact solution, the theory 
of unsymmetrical bending should 
be employed. An approximation 
to this result may be obtained by 
using the reduction formula, e = 
1.0 — 0.18 w/c, as for the problem 
of Art. 10. 

Required effective net area = 
29,000/16,000 = 1.81 sq. in. 

An unequal-leg angle with longer leg connected is to be preferred. Assume 
a 5 X 3 X A-in. angle with 5-in. leg connected. Gross area = 2.40 sq. in. 

The arrangement of rivets at the inner end of the connection must be fixed 
before deduction for holes can be made. If they be arranged as shown in Fig. 5, 
with a stagger s = Ij in. and a gauge p 2 = 1| in., the deduction is found from 
Fig. 1(5) to be 1 + 0.50 = 1.50 holes. 

Net area of angle = 2.40 — 1.50 X 0.875 X 0.3125 = 1.99 sq. in. 

Effective fraction of net section e = 1.0 — 0.18 X f = 0.892. Effective 
net section = 0.892 X 1.99 = 1.78 sq. in. This is sufficiently near the require¬ 
ment. 

12. Maximum Stress in Double-Angle Tension Member Connected by 
One Leg. —^A tension member consists of two 4 X 3 X f-in. angles placed 
back to back with the long legs adjacent and separated by the thickness of the 
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f-in. end gusset plates, as shown in Fig. 6. • The total load is 21,000 One line 
of J-in. rivets on a 2i-in. gauge is used in the 4-in. legs. Stitch rivets are used 
in the body of the member spaced 3 ft. apart. Find the maximum fibre str^. 

The load will be assumed as applied at the gauge line and the member will 
be assumed as bending as a whole about the gravity axis of the net section paral¬ 
lel to the outstanding legs. 

Net area of section = 2 X 2.48 — 2 X 1 X 0.375 = 4.21 sq. in. 

The position of the gravity axis of the net area, GANAy may be found by 
taking the statical moment of the net area about 
the backs of the outstanding legs. It is 

(Qqa — QH)/An 

where Qoa = statical moment of gross area, 

Qh = statical moment of holes and An = net 
area of cross section. Inserting numerical 
quantities, the distance from the axis of ref¬ 
erence becomes (2 X 2.48 X 1.28 — 2 X 1 X 0.375 
X2.50)/4.21 = 1.063 in. 

The shift in the neutral axis caused by the punching of holes is, therefore, 
1.28 - 1.063 = 0.217 in. 

True net moment of inertia, which must be about GANAy is 



Fig. 6. —Double-Angle Tension 
Member without Lugs. 


In — Ig Ih 


where In = moment of inertia of net section alx)ut the gravity axis of the net 
section, Ig = moment of inertia of the gross section about its own gravity axis, 
Ih -= moment of inertia of the holes about the gravity axis of the gross section, 
An = net area of the section, and s = the distance between the gravity axes of 
the gross and the net sections, that is, the shift. 

Inserting appropriate numerical quantities 

/„ = 2 X 4.0 - 2{ iV X 0.375 X P + 0.375 X 1.0 X 1.222} 

-4.21 X 0.2172 = 6.62 in.^ 


Had the moment of inertia been found by the approximate lormula 

In ^ Ig Ih 

the results would have been only 3% too large. 

The eccentricity of loading, e, is 1.437 in. and the most highly stressed fibres 
are at AA, 

Applying Eq. (3) of Art. 1 

^ ^ 21,000 , 21,000 X 1.437 X 2.937 


=4990 + 13,400 = 18,390 lb. per sq. in. 

13. Single-Angle Tension Member Connected by One Line of Rivets in 
Each Leg. —Determine the necessary size of an unequal-leg angle connected 
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by one line of rivets in each leg (Fig. 7) to a f-in. gusset plate for a tension of 
55,600 lb. Stagger of first rivets 2 in. pt = 20,000 lb. per sq. in. Rivets, \ in. 
Holes, for reduction, 1 in. Assume full net section as effective. 

Required net section = 55,600/20,000 = 2.78 sq. in. 

Assume a 5 X 3^ X angle with a gross area of 3.53 sq. in., connected 

to the gusset plate directly and 
by means of a lug angle con¬ 
nected to the outstanding leg, 
as shown in Fig. 7. 

The critical section is evi¬ 
dently along the line ABCD. 
The two holes cut are on gauge 
lines 3 -f 2 - 0.4375 = 4.565 
in. apart and the stagger is 
^ 2 in. P>om Fig. 1(c), the de- 

Fig. 7.— Single-Angle Tension Member with I.ug. duction should be 1 + 0.77 = 

1.77 holes. 

Net area = 3.53 — 1.77 X 1 X 0.4375 = 2.76 sq. in., which is sufficiently 
close to the requirement. 

14. Double-Angle Tension Member of Channel Form Connected by 
Flanges Only, with Moment Suppressed. —Two angles arranged in channel 
form, with end battens so disposed as to eliminate the moment of eccentricity 
are to transmit a load of 54,000 lb. to outside gussets, as shown in Fig. 8. Rec¬ 
ommend a size. Rivets, | in. pi = 20,000 lb. per sq. in. 

Net area required = 54,000/20,000 = 2.70 sq. in. 

Assume two 3^- X 3 X angles with a gross area of 3.86 sq. in. 

Critical section is on the line ABCD. For the dimensions shown in Fig. 8, 




Fig. 8. —Double-Angle Tension Member with Suppresbed Moment. 

s = 1|^ in. and g = 3^^ in. Hence from Fig. 1(c), the rivet-hole deduction for 
the two angles is 2 X 1.81 = 3.62 holes. 

Net area = 3.86 - 3.62 X 1 X 0.3125 = 2.73 sq. in. 

The section is sufficient. 
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16. Built-Up I-Shaped Tension Member with Moment of Eccentricity 
Suppressed. —Find the safe capacity of the four-angle-and-plate tension 
member shown in Fig. 9. Rivets, 1 in. pt = 16,000 lb. per sq. in. 

Section ABCDEFG is evidently the critical section. Proceeding as in Arts. 
13 and 14, the deduction for one angle, using the diagram in Fig. 1(c), is 1 + 0.40 
+0.75 = 2.15 holes, while the deduction for the web plate is 2 holes. 

Gross area of member = 4 X 4.18 + 14 X 0.375 = 21.97 sq. in. 

Net area = 21.97 - (4 X 2.15 X 1 X 0.4375) - (2 X 1 X 0.375) = 17.46 
sq. in. 

As the web plate effectually prevents bending in the angles, the safe capacity 



Fig. 9. —I-Sbaped Tension Member with Suppressed Moment. 


is based tvholly on tensile value under uniformly distributed stress. It is, 
therefore, 17.46 X 16,000 = 279,500 lb. 

16. Single-Channel Tension Member Connected by Web Only. —A single 
channel 8 in. deep, attached to A-in. gusset plates at each end is to transmit a 
tension of 27,000 lb. What weight is necessary? Rivets, f in. pt = 16,000 
lb. per sq. in. Permissible shearing and bearing stresses on rivets, 12,000 and 
24,000 lb. per sq. in., respectively. 

Assume an 8-in., 11.5-lb. channel with general arrangement of end connec¬ 
tions as shown in Fig. 10. 
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In addition to the axial tension, a bending moment about the gravity axis 
of the channel parallel to the web must be provided for. 

Consider net sections A A and BB. According to Fig. 1(6) it is not necessary 
to consider a zigzag section. 

Net area at section AA = 3.36 — 1 X 0.875 X 0.22 = 3.17 sq. in. Net 
area at section BB = 3.36 — 2 X 0.875 X 0.22 = 2.98 sq. in. 

Net moment of inertia is approximately the moment of inertia of the gross 
area about the gravity axis of the latter parallel to the web, less the moment of 
inertia of the hole (or holes) about this same axis. This, for section AA is 
approximately 1.30 — 0.19 X (0.47)^ = 1.26 in.* For section BB it is approxi¬ 
mately 1.30 - 2 X 0.19 X (0.47)2 = 1.22 in.* 



Fig. 10. —Single Channel Connected by Web Only. 


Maximum stress at back of channel at section AA, assuming the 27,000-lb. 
force to be applied in the plane of the back of the channel, is, from Eq. (3) of 
Art. 1 


/.+// = 


27,000 

3.17 


+ 


(27,000 X 0.58) X 0.58 
1.26 


= 8520 + 7210 = 15,730 lb. per sq. in. 


Maximum stress at back of channel at section BB is similarly found, the 
axial load at this section being only ^ of 27,000 = 23,200 lb. if seven rivets are 
employed in the end connection. The combined stress is, then, 


. , . 23,200 , (23,200 X 0.58) X 0.58 

= 7780 + 6400 = 14,180 lb. per sq. in. 

Section A A is, therefore, the critical section, and the 8-in., 11.5-lb. channel 
is adequate for the load. 

17. Double-Channel Tension Member Subjected to Bending at End 
Connections. —A tension member carrying 86,000 lb. is to consist of two 10-in. 
battened channels with the flanges turned out. Recommend a section, if the 
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riveting arrangement is as shown in Fig. 11, and the battens are outside the end 
gusset plates. Rivets, | in. = 16,000 lb. per sq. in. Permissible shearing 
and bearing stresses in rivets 10,000 and 20,000 lb. per sq. in., respectively. 

Assume two 10-in., 20-lb. channels, having a gross area of 2 X 6.86 = 11.72 
sq. in. 

Since the arrangement of the battens is such that bending of the individual 
channels at right angles to the plane of the web may take place at the end con¬ 
nections, provision must be made for both direct tension and bending. 

Consider the net areas at sections AA, BB, and CC, According to Fig. 1(6), 
it is unnecessary to consider a zigzag section. 

At section AA, the net area is 11.72 — 4 X 0.875 X 0.4375 = 10.19 sq. in. 

At section J5R, the net area is 11.72 — 4 X 0.875 X 0.379 = 10.39 sq. in. 

At section CC, the net area is 11.72 — 6 X 0.875 X 0.379 = 9.73 sq. in. 



Fia. 11.—Double-Channol Tension Member with Moment. 


The moment of inertia of the net section of each channel by the approximate 
method used in Art. 16 is found to be at section AA, 2.80 — 2 X 0.875 X 0.4375 
X(0.89)2 = 2.19 in.*; at section BB, it is 2.80 - 2 X 0.875 X 0.379 X (0.42)* 
=2.68 in.*; and at section CC it is 2.80 — 3 X 0.875 X 0.379 X (0.42)* 
=2.62 in.* 

Maximum stress at back of one channel at section A A, assuming that the 
force of 43,000 lb. is applied in the plane of the back of the channel, that is, with 
an arm of 0.61 in., is, from Eq. (3) of Art. 1 


ft+ff- 


43,000 

5.09 


(43,000 X 0.61) X 0.61 
2.19 


= 8450 + 7300 


= 15,750 lb. per sq. in. 


Maximum stress at back of one channel at section BB is less than at section 
AA, as the net section and the net moment of inertia are each more than at 
section AA and the load is the same. 

Since 43,000/4420 = 10 rivets would be required for connecting each channel 
to its A-in. gusset plate, the stress in a channel at section CC is only A of 43,000 
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=34,400 lb. Manifestly the combined stress at this section would for this 
load be less than at section AA. 

The assumed section is adequate. 

18. Riveted Member Subjected to Tension and Transverse Loading.— 

Design a double-angle, horizontal tension member, 8 ft. long, to be connected 
by both legs at each end (Fig. 12), and to withstand a centric axial pull of 30,000 
lb. and a concentrated transverse load of 800 lb. applied 3 ft. from one end, in 
addition to its own weight. Consider the effect of deflection. Rivets, i in. 

rs 18,000 lb. per sq. in. E = 29,000,000 lb. per sq. in. 

The maximum combined stress must be calculated both at the concentrated 
load and at the end nearer this load. It will be assumed that the fixity at the 
ends is such that the moment at either of the two critical cross sections, that is 
at the point of concentrated transverse loading and at the end nearer this load¬ 
ing, is § of the moment that would occur in a simply supported beam at its point 
of maximum moment, due to the same loading. The maximum stress due to 
tension and bending may be found from Eq. (5) of Art. 1, assuming such a degree 
of fixity at the ends that for moment at the concentrated load, C = 15, and for 
moment at the critical end, C = 20. See Art. 1 for values of C under different 
conditions. 

Section at Concentrated Load .—Assume for the member, two 3*2 X 3 X i^-in. 
angles with the 3^-in. legs vertical, as shown in Fig. 12. 



Weight of member = 13.2 lb. per lineal ft. 

Moment at point of concentrated loading, due to weight of member, allowing 
for restraint = 0.67 {(13.2 X4)X3X12-iX 13.2 X (3)^ X 12} = 800in.-lb. 

Maximum moment due to concentrated loading = 0.67 {(800 X 1) X 3 X 
12} = 12,000 in.-lb. 

Total moment at concentrated load = 800 + 12,000 = 12,800 in.-lb. 

Net section at point of concentrated loading, deducting two |-in. holes 
=3.86 - 2 X 0.875 X 0.3125 = 3.31 sq. in. 

Moment of inertia of gross section of two angles about gravity axis 1 — 1 
=4.6. in.-* 

Approximate loss of I due to holes = Any\ where Ah = area of holes and 
^0 == distance of their centre of gravity from the neutral axis of the unpunched 
member. This is (2 X 0.875 X 0.3125) X (0.90)^ = 0.44 in.« 

Net I of two angles = 4.60 — 0.44 = 4.16 in.* 
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Maximum stress on bottom fibres is, from Eq. (5), Art. 1 

30,000 12,800 X 1.06 

3.31 , 30,000 X (96)2 

4.1o H- 

15 X 29,000,000 

= 9060 + 2820 = 11,880 lb. per sq. in. 

The assumed section is excessive at the point of concentrated loading. 

Section at Eiid Nearer Concentrated Load .—Net section at end connection, 
deducting 1.8 holes from each angle in accordance with the method of Art. 5, 
= 3.86 — 3.60 X 0.875 X 0.3125 = 2.87 sq. in. 

Total moment at end same as at i)oint of concentrated loading = 12,800 
in.-lb. 

Moment of inertia at end will be the gross moment of inertia, less the moment 
of inertia of the holes in the vertical legs. No deduction need be made for the 
holes in the outstanding legs, as under pure negative bending, apart from axial 
tension, material here would be under compression. 

Reduction of I = AhV^ = (2 X 0.875 X 0.3125) X (0.94)2 = o.48 in.^ 

Net / = 4.60 - 0.48 = 4.12 in.-* 

Maximum stress in top fibres is 

^ 30,000 12,800 X 2.44 

2.87 ^ 22 ^ 

20 X 29,000,000 

= 10,440 + 6960 = 17,400 lb. per sq. in. 

The section is, therefore, adequate. 

9. Eye-Bar Subjected to Tension and Bending Due to Its Own Weight.— 

igle horizontal eye-bar, 20 ft. long between centres of end pins, is to resist a 
ric axial pull of 17,500 lb. Suggest a size, pt, for combination of tensile 

iss and flexural stress due to weight = 18,000 lb. per sq. in. 


Neglecting flexural stress, the area required is 17,500/18,000 = 0.97 sq. in. 
Assume a 2 X §-in. bar. 

As the weight of assumed bar, neglecting heads, is 3.4 lb. per lin. ft., 

Af = i X 3.4 X (20)2 X 12 = 2040 in.-lb. 

Applying Eq. (6) of Art. 1, and letting C = 10, and E = 29,000,000 lb. per 
sq. in. 


At + Af 


17,500 

18,000 


2040 X 1 


0 


+ 


17..500 X 240^= 

10 X 1 X 29,000,000, 




18,000 


= 0.97 + 0.03 = 1.0 sq. in. 


As the section assumed provided exactly this area, the trial section is adequate. 
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20. Exercise Problems on the Design of Steel Tension Members.— Unless 
otherwise mentioned net sections of riveted tension members are computed by 
the method of Art. 5 and Fig. 1. See Appendix I for the answers. 

(1) Determine the net section of the 14 X |-in. plate shown in Fig. 13, using 
the modified Cochrane deduction rule stated in Art. 6, that is, a; =* 1 — s*/3.6 gh. 

Where is this section located? Rivets, f in. 

(2) A 6 X i-in. plate is put in a testing ma¬ 
chine and pulled to destruction in tension. At 
about mid-length of the plate there are two holes 
for J-in. rivets punched equidistant from the edges 
on a 3-in. gauge and staggered ij in. At what 
load should the plate fail if the ultimate strength 
of the metal is 62,000 lb. per sq. in.? 

(3) An equal-leg angle connected by both legs is 
to transmit a pull of 44,000 lb. to a |-in. gusset 
plate. Assuming that the rivets are spaced 3 in. 
apart in each leg and that they are staggered per¬ 
fectly, recommend a size for the angle. pe = 20,000 

Fig. 13.—Net Section of Plate. lb. per sq. in. Rivets, f in. Fractional deduction 

rule, X — 1.3 — s/g^ but not to exceed unity. 

(4) A 3J X 3§-in. angle connected by both legs to a gussc^t plate is subjected to a 
centric axial pull of 38,000 lb. If the rivets are spaced 4 in. in each leg and are 
staggered 2 in., find the required thickness of the angle, pt = 16,000 lb. per sq. in. 
J-in. rivets. 

(5) Where is the critical section in, and what is the safe capacity of, the tension 
member shown in Fig. 14, assuming the stress to be uniformly distributed over the 
cross section? Rivets, } in. pt =* 20,000 lb. per sq. in. 




Fio. 14.—Capacity of Riveted Tension Member. 


(6) A 3 X 2 X i-in. angle carrying a tension of 15,000 lb. is t;onnected by suffi¬ 
cient f-in. rivets on a If-in. gauge in the 3-in. leg to transmit the stress safely to a 
gusset plate. Report on the safety of the angle itself, e = 1.0 — 0.18 w/c. p<=s 
18y000 lb. per sq. in. 

(7) A 3i X 2j X i-in. angle connected to a gusset plate by one line of }-in. 
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rivets in the What tensile force can ,the angle safely resist? e «> 1*0 

— 0.18 u/c, pt * 16,000 lb. per sq. in. 

(8) An unequal-leg angle connected by the longer leg only to a gusset plate is to 
carry a load of 25,000 lb. Recommend a size for the angle. Rivets, } in. e =■ 1.0 — 
0.18 m/c. Pt 20,000 lb. per sq. in. 

(9) A 6 X 4-in. angle connected by the 6-in. leg only is subjected to a pull of 
53,000 lb. If the rivets (J in.) are driven on two gauge lines at a staggered pitch of 
1| in. and the gauges are 2 and 2^ in., suggest a thickness for the angle, e « 1.0 

— 0.18 u/c. Pt « 20,000 lb. per sq. in. 

(10) In the case of the member shown in Fig. 6, Art. 12, what is the maximum 
combined fibre stress due to the centric load effect and the moment in terms of the 
applied load P? 

(11) A 1-in. square rod bent into a hook at its bottom end suspends a 500-lb. 
load from a ceiling. The load is applied to the hook at in. from the inside face of 
the rod. What is the maximum fibre stress in the rod? 



(12) Report on the sufficiency of a 10-in., 15.3-lb. channel for transmitting a 
tension of 40,000 lb. to a gusset plate riveted to the back of the channel by f-in. 
rivets driven on two gauge lines, and spaced in pairs 2^ in. apart, pt ~ 18,000 lb. 
per sq. in. 

(13) A 15,000-lb. load is attached to the lower end of a 6 X ^-in. hanger plate by 
a 1 J-in. pin 2 in. from one vertical edge of the plate and 4 in. from the other. If the 
pin hole is 1.52 in. in diameter, find the maximum tensile stress on the plate by the 
ordinary flexure theory. 

(14) A tension diagonal in a truss consists of two 2 X 10-in. eye-bars. The panel 
length of the truss is 25 ft. and the depth is 30 ft., centre to centre of chord pins. 
Determine the maximum tensile stress in the member due to an axial pidl of 
600,000 lb. combined with the bending due to the weight of the member. 
29,000,000 lb. per sq. in. Consider ends free to turn. 

(15) In one 12-ft. panel of the tension chord of a truss the axial tension is 32,000 lb. 
At 1 ft. 3 in. from one pane) point a transverse thrust of 6000 lb. is applied, as shown 
in Fig. 15. If the chord consists of two 3j X 3 X A-in* angles, and the details are 
as shown in the illustration, report on the safety of the chord. Rivets, J in. =» 
20,000 lb. per sq. in. Neglect bending in a vertical plane. 
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21. Fundamental Fonnulae for Tension Member Details. —The following 
iormulae apply generally to tension member details: 


V 

V = mAp^ or dtpi,, whichever is the smaller 
r -Mih 


( 1 ) 

( 2 ) 

(3) 


Reference: Shedd—Structural Design in Steel. 

The significance of the symbols employed in the above formulae is as follows: 

A = area of one cross section of a rivet; 

d = diameter of rivet before driving; 

M = turning moment on a connection, that is, the total ai)plied force P 
multiplied by the normal distance e of its line of action from the 
centroid of the group of resisting rivets; 

m = number of cross sections of a rivet that must be sheared to bring about 
its failure; 

N = number of rivets required to transmit force P; 

P = total force to be transmitted; 

Pb = permissible stress in bearing per unit of area; 

= permissible stress in shear })er unit of area; 

r = radial distance of the centre of a rivet from the centroid of the gToup: 

Tn = radial distance of the centre of rivet number from the centrf)id of 
the group; 

Tn = force applied to any rivet, number “w,” due to the turning effect of the 
moment M; 

t = least thickness of material that must be crushed in order to bring 
about failure of a rivet in bearing; 

V = least value, or safe resistance, of a rivet. 

22. Minimizing Secondary Stress in a Member. —Determine the maxi¬ 
mum combined tensile and flexural stress in the double-angle member of Art. 12 
and Fig. 6, assuming that the gauge of the angles is 1.75 in. only. What extra 
carrying capacity will the member derive by placing the gauge line I in. nearer 
the centroid of the member? 
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Proceeding as in Art. 12, the quantities nece^ry to the solution are found 
to be as follows: The net area of the member is 4.21 sq. in.; the gravity alxis of 
the net area is 1.197 in. from the backs of the outstanding legs of the angles; the 
eccentricity of the connection is 0.553 in.; the net moment of inertia about the 
gravity axis of the net area is 7.74 in.*; and the distance of the extreme fibre 
from the gravity axis of the net section is 2.803 in. 

Applying Eq. (3) of Art. 1 


/*+// = 


21,000 21,000 X 0.553 X 2.803 

4.21 7.74 


= 4990 + 4210 = 9200 lb. per sq. in. 


Since the maximum fibre stress when the gauge is 2.50 in. was found in Art. 
12 to be 18,390 lb. per sq. in., the carrying capacity is increased 18,390/9200 
= 2.0 times by the change of gauge. 




In general, the nearer the centroid of the group of rivets attaching a member 
to a gusset is to the gravity axis of the member, the less will be the secondary 
stress, as far as such is due to eccentricity of connection of the member under 
consideration. 

23. Efficiency of Gusset-Plate Attachment. —Find the safe capacity of an 
end connection for a tension member, if the arrangement of rivets be, first, as in 
Fig. 16(a), and second, as in Fig. 16(5). Rivets, | in. = 12,000 lb. per sq. in. 
for shop rivets and 10,000 lb. per sq. in. for field rivets pe>= 24,000 lb. per 
sq. in. for shop rivets and 20,000 lb. per sq. in. for field rivets. 
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Case A ,—^The group of rivets, 1, 2, 3 must withstand a direct force P and a 
turning moment M — Pe - 3.06 P in.-lb. 

Direct force on any rivet, number ” is Dn = P/3 lb. This acts parallel 
to the force P. 

Turning force on any rivet, number is, from Eq. (3), Art. 21 



Now, as rivet 2 is the centroid of the group 1, 2, 3, hence Sr* = 2 X (5.5)* 
= 60.5 in.* Hence turning force on rivets 1 and 3 is Ti = Ts = 3.06 P X 5.5/60.5 
=0.278 P lb., and on rivet 2 it is zero. These turning forces act normally to 
the radii from the centroid of the rivet group to rivets 1 and 3, that is to the 
line 1—3. 

Combining the direct and turning forces by graphical means, as in Fig. 16(c), 
it is seen that the resultant force on rivet 1, that is 0.542 P, is the maximum 
resultant. 

Now, as the maximum safe load on shop rivet 1 is its single shearing value, 
that is 0.601 X 12,000 = 7210 lb., 0.542 P must not exceed 7210 lb. Solving 
for P, it is found to be 13,300 lb. 

The safe capacity of the group of field rivets 4, 5, 6 is three times the single 
shearing value of a |-in. field rivet, or 3 X 0.601 X 10,000 = 18,030 lb. 

The capacity is, therefore, only 13,300 lb. 

Case B.—As there is no moment on the rivet group 1, 2, 3, its safe capacity 
is three times the single shearing value of a |-in. shop rivet, or 3 X 7210 = 
21,630 lb. 

The safe capacity of the group 4, 5, 6 is, as already found, 18,030 lb. 

A comparison of the capacities of connections a and h shows that a is only 
73.7% as strong as h. The value of eliminating moment in connections is thus 
apparent. 

24. Connection of Single-Angle Tension Member by One Leg Containing 
Two Lines of Rivets. —Design the connection for the angle of Art. 11, Fig. 5. 

Safe resistance of a f-in. rivet in the situation is its single shearing value 
=0.442 X 12,000 = 5300 lb. 

Number of rivets required, according to Eq. (1), Art. 21, is 29,000/5300 = 6. 
These may be accommodated in two gauge lines as shown in Fig. 5, with a 
staggered pitch of 1J in. 

The rivet-hole deduction might be reduced to one hole, as may be found 
from Fig. 1, by making the stagger for the first pair of rivets 2i-in. 

26. Connection of Double-Angle Tension Member by One Leg. —Design 
the connection for the member of Art. 12, Fig. 6. Rivets, | in. ps = 10,000 lb. 
per sq. in. Pb = 20,000 lb. per sq. in. 

Safe resistance of a J-in. rivet in this situation is its bearing value on the 
|-in. gusset plate = 0.875 X 0.375 X 20,000 = 6560 lb. 
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JN’umber of rivets required, Eq. (1), Art. 2^ = 21,000/6560 =* 3.2, that is 4. 

These rivets are driven in one gauge line and may be spaced a minimum 
distance of three diameters, centre to centre. 

26. Connection for a Single-Channel Tension Member Connected by 
W'eb Only. —Design the end connection for the single-channel tension member 
Df Art. 16j Fig. 10. 

Safe resistance of one |-in. rivet in this situation is its bearing on the 0.22-in. 
web of the channel = 0.75 X 0.22 X 24,000 = 3960 lb. 

Number of rivets required for tension of 27,000 lb., Eq. (1), Art. 21 = 
27,000/3960 = 7. 

The rivets are best arranged as in Fig. 10, that is with a single rivet at an 
apex of the group at the inner end of the connection. With a stagger of 2^ in. 
and a gauge of 2 in., a zigzag section becomes stronger than a right one, as is 
seen by consulting Fig. 1(6). 

27. Connection for Double-Channel Tension Member of Box Type.— 

Design the end connections for the double-channel tension member of Art. 17, 
Fig. 11. 

Safe resistance of one |-in. rivet in this case is its single shearing value 
=0.442 X 10,000 = 4420 lb. 

Number of rivets required for a tension of 86,000 lb., Eq. (1), Art. 21 
=86,000/4420 = 20 rivets, that is 10 in. each channel. 

To keep the net area of the channels as great as possible place only two 
rivets in the first transverse now at the inner end of the connection. The 
recoimnended arrangement of the rivets is as shown in Fig. 11. 

28. Effect of Improving Rivet Value in a Connection. —Find the effect on 
the end connection of the built-up I-shaped member of Art. 15, Fig. 9, brought 
about by adding plates overlapping the end gussets and the member itself on 
the outside, thus raising the value of the included rivets from single shear to 
bearing on a ^-in. plate. Rivets, | in. ps = 10,000 lb. per sq. in. = 20,000 lb. 

Safe resistance of a rivet in single shear = 0.6010 X 10,000 = 6010 lb. 

Safe resistance in bearing on -J^-in. gusset plate = 0.875 X 0.50 X 20,000 
=8750 lb. 

Number of rivets required in order to develop safe capacity of member, if 
connection is as in Fig. 9, that is, if the single shearing value of the rivets is 
their least value, is 279,500/6010 = 47. The smallest practicable number is 
the multiple of 4 nearest 47 on the high side, or 48. 

All, or only a part, of the rivets through the gusset may be raised in value, 
according to the length of the outside plates employed, as indicated in Fig. 17(a) 
and Fig. 17(6). In either case the minimum practicable width of the added 
plates is 12 in. 

AU Rwets Improved in Value ,—For the case of Fig. 17(a), the total number 
of rivets required, Eq. (1), Art. 21, is 279,500/8750 = 32. These may con¬ 
veniently be arranged as shown. 

The total amount of stress transmitted by one of these plates to the gusset 
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will equal the number of rivets passing through it and the gusset multiplied by 
the difference between the bearing value of a |-in. rivet on a ^-in. gusset and the 
single shearing value, or 16/(8750 — 6010) = 43,850 lb. 

At the critical section ABCDEFy the deduction, according to Fig. 1(c), is 
(1.0 + 0.4 + 1.0 + 0.4) = 2.8 holes. Assuming a |-in. plate, the net area is, 
therefore (12 — 2.8 X 1)0.375 == 3.45 sq. in., and the safe capacity = 3.45 
X 16,000 = 55,200 lb. This is considerably above the requirement, but a 
thinner plate is not permissible in such heavy construction. 



Fia. 17.—Improvement of Rivet Value in a Connection. 


To the right of the gusset, through one of these plates, it is necessary to 
have sufficient rivets acting in single shear to transmit 43,850 lb. This number 
is 43,850/6010 = 8, as shown in Fig. 17(a). 

Each filler should be attached to the member by sufficient rivets beyond the 
end of the outer plate to ensure that the filler takes by virtue of the relation of 
its thickness to the thickness of the flange material of the member its proper 
share of the stress going to the outer plate. For one filler, in this case, the num¬ 
ber should be 8 X 0.5/0.9375 = 4.3. Four will be used. 

As compared with the detail of ¥ig. 9, eight more rivets are needed, as well 
as the additional material in the outer plates and fillers. To offset this, the 
gusset plates may be made smaller, and if they be thick this advantage is often 
deemed sufficient to employ a detail such as shown in Fig. 17(a). 

Part of Rivets Improved in Value ,—If the joint is arranged as shown in 
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Fig. 17(6), the capacity of the riveting through the gusset plate is (24 X 8750) 
+ (12 X 6010) = 282,000 lb., or slightly more than the capacity of the member. 

One outside plate must resist 12(8750 — 6010) = 33,900 lb. As previously 
determined, the capacity of the minimum plate allowable—^a 12 X f-in. plate— 
is 55,200 lb. 

To the right of the gusset plate 33,900/6010 = 6 rivets are needed. 

Each filler should have outside the end of the outer plate 6 X 0.5/0.9375 
=3.2, say 4 rivets. 

The same number of rivets is required in this detail as in that of Fig. 17(a), 
but the added plate material is less. It does not reduce the size of gussets so 
much as the design of Fig. 17(a). 

29. Connection for Single-Angle Tension Member with Lug. —Design an 
end connection for both legs of a 4 X 3 X i-in. tension angle with the 4-in. leg 
riveted directly to a f-in. gusset and the 3-in. leg connected thereto by a lug 
angle having the outer end flush with the outer end of the member. The detail 
is to be of maximum efficiency and is to be for the safe capacity of the member. 
Rivets, f in. = 16,000 lb. per sq. in. ps = 12,000 lb. per sq. in. pb = 24,000 
lb. per sq. in. Consider the full net section as effective. 

Nuynber of Rivets. —^Assuming that the detail is such as to require the deduc¬ 
tion of only one rivet hole, the net area of a 4 X 3 X f-in. angle = 2.48 — 1 
X 0.375 - 2.10 sq. in. At 16,000 lb. per sq. in., the capacity = 2.10 X 16,000 
= 33,600 lb. 

Safe resistance of one rivet is its single shearing value = 0.601 X 12,000 
= 7220 lb. 

Number of rivets required, Eq. (1), Art. 21= 33,600/7220 = 4.7. Use 5 
rivets. 

Distrib'iUion of Rivets. —To ensure equalized stress over the section of the 
angle, the five rivets should be divided between the two legs of the main angle in 
proportion to their gross areas. The 4-in. leg should, therefore, contain 
5 X (4 X 0.375)/{(4 + 2.625) X 0.375} = 3.0 rivets. Three rivets will there¬ 
fore l)e used to connect the 4-in. leg directly to the gusset and two rivets to con¬ 
nect the 3-in. outstanding leg to the lug angle. 

In order to keep the gusset plate as small as practicable and the lug angle 
short, 3-in. spacing, the normal minimum for J-in. rivets, will be used. Two 
rivets, spaced 3 in. are first located in the 4-in. leg of the main angle, with the 
outer one If in. from the end—the normal minimum distance of a f-in. rivet 
from a sheared edge. Two rivets are then placed directly opposite these through 
the lug and the gusset. The necessary two rivets in the outstanding leg of the 
lug angle to develop the stress borne by the rivets in the other leg are spaced 
3 in. apart and staggered If in. with those in the other leg, to facilitate driving. 

For a connection of maximum efficiency, the remaining, or first, rivet in the 
4-in. leg must be located at such a distance forward of the first rivet in the out¬ 
standing leg that only one hole need be deducted. The distance apart of the 
gauge lines, if the angle were developed, assuming a gauge of 2f in. in the 4-in. 
leg and If in. in the 3-in. leg, would be 2.50 + L75 - 0.375 = 3.875 in. The 
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necessary stagger of these rivets, in order that only one hole need be deducted, 
is found from Fig. 1(c) to be 3| in. The final spacing is therefore as shown in 
Fig. 18, there being 4| in. between the first two rivets in the directly connected 
leg of the main angle. 

Proceeding as in Art. 8, it may be shown that the member is stronger along 
section DEFG than on section ABC, 

Lug Angle ,—Since the lug angle must transmit to the gusset the proportion 
of the total stress that should be borne by the outstanding leg of the main angle, 

the outstanding leg of the lug angle should 
be of the same section as the outstanding 
leg of the main angle, and is preferably of 
the same width and thickness. The leg in 
contact with the gusset should be made as 
narrow as the driving of the rivets in it at 
the required stagger will permit. In the 
present case, this is 3 in. The length of 
the lug is determined by the rivet spacing 
adopted and by the minimum end distances 
permissible. 

Frequently, the maximum efficiency ob¬ 
tained by making the distance between the first and second rivets greater than 
that between the other rivets is sacrificed in order to reduce the size of the 
gusset plate or shorten the main angle. 

30. Fillet Welded Connection for Flat Bar Tension Member.—A 6 X |-in. 
steel bar carrying a total tension of 45,000 lb. is to be welded to a |-in. gusset 
plate by parallel (longitudinal) shear i^-in. fillet welds and a similar normal 
(transverse) shear fillet weld across the end of the bar. Design the connection. 

Permissible shear in pounds per lineal inch of single fillet welds will 
be assumed as follows: Parallel 
(longitudinal) shear, p, = 

1/6 5 (3300 — 50 Z), but not 
over 500 h; normal (transverse) 
shear, ps = 500 6. In these for¬ 
mulae, h — side of the largest 
isosceles triangle contained in the 
cross section of the fillet ex¬ 
pressed in sixteenths of an inch 
and I ~ actual length in inches of 
the longitudinal fillet under con¬ 
sideration. 

When calculating the effective length, deduct i in. from the actual length 
of each weld to allow for craters. 

Assume, as indicated in Fig. 19, that the bar laps 7 in. on the gusset plate. 
This will give a total of 14 in. of parallel fillet and 6 in. of normal fillet, or effective 
lengths of 13 in. and 5.5 in. respectively. 



Fia. 19.—Fillet Welded Connection lor Flat Bar. 
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Fig. 18. —Connection of Single Angle 
for Maximum Efficiency. 
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For each parallel fillet the permissible shqar per lineal inch is p« = 1^(3300— 
50 X 7) » 2458 lb., while for the normal fillet the permissible shear is p« =500 
X 5 = 2500 lb. 

The provided capacity of the connection is, then, having regard to the 
effective lengths of the welds: 

Parallel welds, 13 in. at 2458 lb. per lin. in. =31,950 lb. 

Normal weld, 5.5 in. at 2500 lb. per lin. in. = 13,750 lb. 

Total provided capacity =45,700 lb. 

This slightly exceeds the total stress in the bar. 

31. Fillet and Slot Welded Connection for Tension Members of I-Section. 

—12-in., 65-lb. W.F. carrying a total tension of 335,000 lb. is to be connected 
to and between two f-in. gusset plates which are to be welded to the I-section 
flanges by a combination of fillet and slot welds. Parallel (longitudinal) shear 
f-in. triangular single fillet welds are to be used at the edges of the flanges of 
the I-section, and, in addition, two parallel shear J X s-in, slot welds will be 
made to each flange of the section, beginning at the inner edge of the gusset 



Fiq. 20.—Fillet and Slot Welded Connection for Tension Member of I-Section. 


plates. On account of assumed inaccessibility, there will be no weld at the end 
of the section. Design the connection. 

Permissible shear in pounds per lineal inch for parallel shear fillet welds 
p, = 1/6 5 (3300 — 50 /), with a maximum of 500 6. In this, 6 and I have 
the same significance as in Art. 30, 

Permissible shear in pounds per lineal inch for slot welds, p« = 
(12,440 — 190 /), with a maximum of 706 t. In this, t is the throat width of the 
weld expressed in sixteenths of an inch and I is its actual length in inches. The 
depth 6 of the weld must not be less than one-half of L 

Allow 10% excess capacity to compensate for lessened effectiveness of welds 
due to craters. 

As indicated in Fig. 20, assume that the gussets extend out 13 in. from the 
end of the member. This will make possible 4 X 13 = 52 in. of parallel shear 
fillet welding. 
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According to the data, the connection should be designed for a capacity of 
1.10 X 335,000 = 368,500 lb. 

Permissible shear per lineal inch of the parallel shear fillet welds is p» — i 
(3300 — 50 X 13) = 2650 lb., and the safe resistance of these welds is 52 X 2650 
= 137,800 lb. 

There must then be developed by the parallel shear slot welds a total resist¬ 
ance of 368,500 - 137,800 = 230,700 lb. 

Permissible shear per lineal inch of f X |-in. slot weld, assuming each of the 
four welds to be 7 in. long, is ps = M (12,440 — 190 X 7) = 8330 lb., and the 
safe resistance of the four welds is 28 X 8330 = 233,240 lb. These welds will 
start at the edge of the gusset, as shown in Fig. 20. 

The holes for the |-in. bolts used for holding the member in place between 
the gussets during the welding operation will be filled by rivet (plug) welds, but 
no credit for the value of these will be given. 

32. Fillet Welded Connection of Single Angle.—A single 3j X 2| X |-in. 
angle is to be welded to a gusset by the 3^-in. leg, with J-in. parallel shear fillet 



^—Gusset PL 

^ je,-2.39'' 

Qravify Axis of Angles 

^IL,3i)c2i“xf 
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i JO =/.//" 
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Fig. 21. Fillet Welded Connection of Single Angle. 


welds at the two edges of the leg. Design a connection to develop the caiiacity 
of the angle. 

Permissible tensile strcvss, pt — 18,000 lb. pei ^q. in.; perniissible shear in 
pounds per lineal inch for parallel shear fillet welds, ps = ^ (3300 — 50 /), with 
a maximum of 500 b. 

Add ^ in. to the required length of each fillet to compensate for the effect 
of craters. 

As the area of the angle is 1.44 sq. in., the connection must be designed for 
P = 1.44 X 18,000 = 25,900 lb. 

In order to obviate secondary stress in the angle, the lengths and resistances 
of the two fillet welds should be such that the resultant resistance coincides with 
the gravity axis of the angle. Referring to Fig. 21, it is thus evident, by taking 
moments about one edge or the other, that 

/ — ~ 7 


As the permissible longitudinal shear on the fillets will depend upon their 



TENSION MEMBER DETAILS 


27 


length, it will be necessary to estimate appr 9 ximately the respective lengths of 
the fillets. If there were no reduction for lengths, p, would be 500 b or 2000 lb. 
per lin. in., and a total length of 25,900/2000 = 12.95 in. would be required. 
The two fillets would then have as their effective lengths 

/i= — X 12.95 = 8.84 in. 

3.50 

and 

h = — X 12.95 = 4.10 in. 

3.50 

Since the formula for })ermissible shear obviously requires no reduction for 
lengths of 6 in. and less, the effective fillet at the toe of the angle will be 4.10 in. 
long. 

The fillet at the heel at a certain reduced stress per lineal inch must have 
as much safe resistance as 8.84 in. at 2000 lb. per lin. in., or 17,680 lb. Assume 
this fillet as having an actual (not net) length of 10 in. Then ps — i (3300 
-50 X 10) = 1867 lb. per lin. in. From this h = 17,680/1867 = 9.5 in. 

Adding | in. to the length of each fillet will give /i = 10 in. and h = 4f in. 

P'requently the parallel shear welds are not directly opposite each other, but 
are staggered, that is, one is set forward or back with respect to the other. 
Although tests show some falling off in strength due to staggering, the permis¬ 
sible stress specified above is sufficiently conservative to allow for this feature. 

33. Transfer of Dead-Load Stress to Welded Reinforcement of a Tension 
Member. —A tension member of 16 sq. in. is subjected to a dead load stress 
of 14,000 lb, per sep in. It is desired, by welding a heated plate of suitable 
section and of length Z = 180 in, thereto, to reduce the dead load stress to 
ft = 9000 lb. per sq. in. What area of plate should be used, and to what increase 
of temperature should the plate be subjected after the first end is welded to 
the original member and before the other end is welded and the intermediate 
welding is done, in order that the stress in the reinforced member may be 9000 lb. 
per sq. in.? 

Coefficient of expansion of steel per degree F. is w = 0.0000065; modulus 
of elasticity of steel is = 29,000,000 lb. per sq. in. 

Dead load tension carried by member = P = 16 X 14,000 = 224,000 lb. 

Reciuired area of reinforced member to reduce stress to 9000 lb. per sep in. 
= 224,000/9000 = 24.88 sq. in. 

Area of reinforcing plate = 24.88 — 16.0 = 8.88 sq. in. 

Under the desired tensile stress of 9000 lb. per sq. in., the reinforcing plate 
would elongate ^, 

= | ( 1 ) 

In order to produce this length change before the final attachment of the 
plate, a temperature rise in the plate must be produced amounting to 

'-I 


(2) 
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Combining (1) and (2), 

h 


t = 


9000 


Eoj 29,000,000 X 0.0000065 


= 47.8 deg. F. 


This method has been successfully employed in the strengthening of old 
structures in service. If the reinforcing material is welded without preheating, 
the dead load stress carried by the original member would not be lessened. 

If a reduction in it is 


|i 


desired without heat¬ 
ing of the reinforce¬ 
ment, the member 
should be shored up 
during the welding 
process. When load 
then comes on, it will 
be distributed in pro¬ 
portion to area. 

34. Pin Connec¬ 
tion for Built-Up 
Tension Member of 
H-Form. —A built-up 
tension member con¬ 
sisting of four 6X4 
X |-in. angles and a 
10 X |-in. plate ar¬ 
ranged in H-form, as 
shown in Fig. 22, is 
called upon to carry 
a centric axial tension 
of 225,000 lb. It is to 
be connected to a 
7-in. pin with its web 
parallel thereto by 
necessary pin plates. 
Assume that the joint 
clearances require 
that the main ma¬ 
terial be cut off 12 in. short of the pin, and that the pin plates do not extend 
more than 10 in. beyond the pin. Design the end connection. 

Permissible tensile stress = 16,000 lb. per sq. in. Rivets, | in. Permis¬ 
sible shearing stress on pins and shop rivets, p* = 12,000 lb. per sq. in. Per¬ 
missible bearing stress on pins and shop rivets, = 24,000 lb. per sq. in. 

The details are to be designed for 125% of the capacity of the member; the 
net section through the pin hole, at the back thereof, or any transverse section 
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through the pin plates and fillers, must, therefpre, exceed the net section of the 
body of the member by at least 25%. Pin plates shall be as wide as the dimen¬ 
sions of the member will allow. Only the rivets in front of the two lines drawn 
from the centre of the pin towards the body of the member and inclined at 
45 deg. to the axis of the member shall be considered as effective in distributing 
pin pressure to the full cross section of the member. 

Effective Area of Member .—^To carry a load of 225,000 lb., a net area of 
225,000/16,000 = 14.05 sq. in. is required. The riveting arrangement at the 
inner end of the pin plates must be such that at least this net area is realized, 
and, besides, the net area of the member, must be determined in order to arrive 
at the strength of the details. If, as shown in Fig. 22, a staggered pitch of 3 in. 
is adopted in the 6-in. leg of each angle and the rivets in the 4-in. legs are spaced 
3 in. apart and staggered with the rivets in the 6-in. legs, the net area will be as 
large as is practicable. The section ABC is evidently the critical one. 

Calculating deductions by the method of Art. 5, for any angle, at section 
ABCy s = 1.5, and for the gauges shown, g = 6.875 in. From Fig. 1(c) it is 
seen that the deduction for one angle is 1.95 holes, or 7.80 holes for the four 
angles. The loss of area for the angles is 7.80 X 1 X 0.375 = 2.93 sq. in., and 
for the plate 2 X 1 X 0.375 = 0.75 sq. in., making a total of 3.68 sq. in. Since 
the gross area is 4 X 3.61 -f 10 X 0.375 = 18.19 sq. in., the net area is 
18.19 — 3.68 = 14.61 sq. in., which is in excess of the required net area. 

Pin Plate Sections .—The section of the pin plates must be chosen so as to 
give an area (1) through the hole on the section FGHy (2) along the rivet line 
DEy and (3), along the section GI back of the hole, 25% in excess of the net area 
in the body of the member, that is an area of 14.51 X 1.25 = 18.15 sq. in. 
Besides, the bearing area on the pin must be sufficient to transmit 125% of 
the capacity of the member. 

To transmit the load to the pin, two pin plates on the outstanding legs of 
each pair of angles will be employed. One plate will be on the backs of the 
angles, as shown in Fig. 22, and the other on the inside, slotted to clear the 4-in. 
legs of the angles. Between each pair of pin plates a f-in. filler, equal in thick¬ 
ness to the angles, is employed. 

If the gross width of the plates be taken as 14 in., and the net width at the 
pin hole as 14 — 7.03 = 6.97 in., the combined thickness of the two plates and 
the filler on one side of the member should be 18.15/(2 X 6.97) = 1.30 in. As 
the filler is | in. thick, each of the pin plates should be, so far as section FGH is 
concerned, (1.30 — 0.38)/2 = 0.46, or say 4 in. 

At the section DEy the fillers may not be counted as effective for tension area. 
The provided area is (14 X 2.0) — 3 X 1 X 2.0 = 22.0 sq. in. and hence the 
section is ample. 

For the section GI back of the pin, an area 125% of 14.51, or 18.15 sq. in., is 
also required. Since the combined thickness of plates for the two sides is 2.75 in. 
the area provided for a length of 10 in. back of the pin is (10 — 7.03/2) X 2.75 
=» 17.85 sq. in. This is insufficient. Increase the inner (slotted) plates to in. 

Required bearing area on the pin = 14.51 X 1.25 X 16,000/24,000 = 12.10 
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sq. in. Provided area = 2 X 7.0 X 1.4375 = 20.1 sq. in., or much more than 
required. 

In this problem it is assumed that the 7-in. pin itself is sufficient. 

Riveting.—As the longitudinal distortion of pin plates and fillers back of the 
pin is the same, no stress-equalizing rivets are required there. Two are shown, 
however, to hold the plates tightly together. 

From the pin a filler receives a stress proportional to its thickness. The stress 
for which the plates on one-half the member must be connected is ^ X 18.15 
X 16,000 = 145,200 lb. A filler should, therefore, resist 145,200 X 0.375/1.4375 
= 37,900 lb. As the rivets are in bearing on the |-in. filler, their value is 7880 lb. 
and 37,900/7880 = 5 rivets only are required in each half of the detail. To 
secure the plates well together, 8 rivets are shown in Fig. 22. Only 6 of these 
lie within the two 45-deg. lines from the pin centre, and hence only 6 are effective. 

To attach the pin plates on one side of the member to the outstanding legs 
of the angles, 145,200/7880 = 19 rivets are required. The nearest practicable 
number is 20. These are arranged on a staggered pitch of 3 in. 

For the sake of clearances, certain rivet heads on the outside of the pin 
plates, depending on the joint arrangement, would need to be flattened. 

36. Exercise Problems on Tension Member Details.—Unless otherwise 
indicated, the method of making deductions for rivet holes is that of Art. 5 and 
Fig. 1. 

(1) A 5 X 4 -in. plate carrying a total tension of 16,500 lb. is to be connected to a 
|-in. gusset plate by |-in. rivets. How many should be employed? p* = 9000 lb. 
per sq. in. pt = 18,000 lb. per sq. in. 

(2) A 3 X A-in. flat carrying a tension of 9000 lb. is riveted to a g-in. gusset 
plate. If the rivets are f in. and and p6 are 8000 and 16,000 lb. per sq. in. respec¬ 
tively, find the number of rivets required in the connection. 

(3) A f-in. bar carrying a stress of 50,000 lb. is connected to two |-in. plates by 
|-in. rivets, the bar being placed between the two plates. Find the number of rivets 
required to transmit the stress, p, and p6 are 11,000 and 22.000 lb. per sq. in. 
respectively. 

(4) A truss member consisting of two angles Sj X 3 X A in., with the Sj-in. legs 
adjacent, connects to a g-in. gusset plate which passes between the two angles. 
Assuming |-in. rivets and p^ and pi as 10,000 and 20,000 lb. per sq. in., respectively, 
find how many rivets would be required in the end connection to transmit a total 
tension of 30,000 lb. 

(5) A truss member consisting of four angles 5 X 3 X g in. laced together to 
form an I-section is connected to, and between, two |-in. gusset plates at either end. 
How many J-in. field rivets would be necessary at each end in order to provide for a 
tension in the member of 120,000 lb. p« = 9000 lb. per sq. in. ph = 18,000 lb. 
per sq. in. 

(6) A 5 X i-in. flat is connected to a J-in. gusset plate by three rivets arranged in 
isosceles triangular formation, the two rivets forming the base of the triangle being 
nearest the end of the member and driven on gauge lines 2§ in. apart. The staggered 
pitch of rivets is 2\ in. What is the maximum safe load on the member? Rivete, 
} in. pt = 16,000 lb. per sq. in. p« = 12,000 lb. per sq. in. pt = 24,000 lb. 
per sq. in. 
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(7) By what percentage would the safe capacity of the tension angle of Fig. 18 
be lessened if the 1^ in. stagger between the rivets in the two legs were maintained 
throughout the connection? 

(8) A 10 X A-in. hanger plate carrying a total tension of 63,500 lb. is connected 
to a A-iii* Kusset by J-in. rivets. Design a connection of maximum efficiency, 
having regard to desirable compactness, pt = 16,000, p, = 12,000, and ph = 24,000 
Ib. per sq. in. 

(9) A member is connected to another by two rivets which are spaced 3 in. apart 
on centres and are located on a line at right angles to the line of pull. If the force to 
be resisted is 6000 lb. and its line of action passes through one of the rivets, find the 
total stress on each of the rivets. 



(10) A tension lateral making an angle of 45 deg. with a chord is connected thereto 
by means of a detail similar to that shown in Fig. 16(a). The distance between 
rivets 1-2 and 2-3 is 5 in. Find the total stress on each of the rivets 1, 2 and 3 due 
to a pull of 12,000 lb. in the lateral. 

(11) A tension member consisting of two 6 X 4 X f-in. angles, with the 4-in. 

legs outstanding is to be connected to a gusset plate by J-in. rivets. It is 

desirable that the distance from the end of the angles to the edge of the gusset plate 
where the member crosses it be not more than 14 in. What should be the rivet 
arrangement to give the maximum efficiency for the member? What load can be 
carried safely? Rivets, J in. pt = 16,000 lb. per sq. in. p, = 12,000 lb. per sq. in. 
Pb «= 24,000 lb. per sq. in. 
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(12) A steel flat 4 in. wide is to be used as a hanger for the suspension of a 
35,000-lb. load. It must not be over 2 ft. 9 in. long and the lower end must be forked 
by the addition of fillers and outside plates, all 4 in. wide, so as to give a clear space 
6 in. high and in. between outside plates. The loads are applied by field rivets 
to the outside of the lower end of these fork plates and the jeaction is applied to the 
upper end of the main plate by field rivets. Design the hanger. ]^vets, J in. 
Pt = 18,000 lb. per sq. in. p, = 12,000 and 10,000 lb. per sq. in. for shop and field 
rivets respectively, pb = 24,000 and 20,000 lb. per sq. in. also for shop and field 
rivets. 

(13) The detail of Fig. 23 is supposed to transmit a tension of 497,000 lb. Analyze 
it and find out (a) the location of the critical net section, the area at this point, and 
what it should be to resist the existing stress, (6) the strength of the attachment to 
the gussets, (c) the required and provided net areas in the two outside |-in. plates, 
(d) the number of rivets (two rows being field) required in the ^-in. plates outside 
the gussets, and (e) the number of shop rivets required outside the ^-in. plates in the 
fillers. Rivets, | in. pt = 16,000 lb. per sq. in. p, = 12,000 and 10,000 lb. per 
sq. in. for shop and field rivets respectively, pb = 24,000 and 20,000 lb. per sq. in. 
for shop and field rivets respectively, 
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36. Fundamental Formulae for Compression Members.—The following 
lomiulae are applicable to compression members: 

For members centrically loaded. 

P 

fc =-7 (1) 




A 

P 

Pc 


( 2 ) 


For members subjected to direct axial compresbion and to cross bending 
arising either from eccentricity of the axial loading or from transverse loading, 
such bending being in the plane of a principal axis 


f 4. f - ^■ 

A, + A,.^+‘P^ 

Pc r^Pc 


P.M 
A'^ S 


Pc = p(^l+^"^ = P + = P + MB 


(3) 

(4) 

(5) 


For members subjected to combined axial compression and symmetrical 
bending, where the effect of deflection is considered 


+ // = 7 + 

A 


Ac + Af — -f- 


My, 

(6) 

^ PP 

CE 


Myc 

/. pi^\ 

*(7) 


Values of C may be taken as in Art. 1. 
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Spofford—Theory of Structures. 

Swain—Structural Engineering. 

A.I.S.C.—Manual of Steel Construction (1946). 

In the above formulae the symbols not already defined in Art. 1 have signifi¬ 
cances as follows: 

Ac — area required for compression; 

B = bending factor = A/S\ 
e — eccentricity of application of an axial load; 
fc = existing fibre stress due to centric axial compression; 

Pc = equivalent centric axial load which will produce the same maximum 
fibre stress as an axial load P acting with an eccentricity of e; 

Pc = permissible stress in compression per unit of area. 

37. Short H-Column Supporting Centric Load. —Select an H-section 4 ft. 
8 in. long to support a total centric axial compression of 49,000 lb.; pc = 19,000 
— 100 //r, with a maximum of 13,000 lb. per sq. in. 

According to the tables of safe loads of H-columns in ^^Steel Construction,^^ 
a 4-in., 13-lb. W.F. will probably be adequate. 

Ijeast radius of gyration = 0.99 in. Slenderness ratio l/r — 56/0.99 = 56.6. 
Pc = 19,000 — 100 X 56.6 = 13,340 lb. per sq. in., but 13,000 lb. per sq. in. 
must not be exceeded. 

Area required = 49,000/13,000 = 3.77 sq. in. Area provided = 3.82 sq. in. 
Section is adecjuate. 

38. Medium-Length H-Column Supporting Centric Load. —Find the neces¬ 
sary size of an H-section column one story high to carry a total centric axial 
load of 55 tons, if the story height be 12 ft. and pc = 16,000 — 70 l/r. 

From the tables of capacity of columns in “Steel Construction,” based on 
the formula Pc = 17,000 — 0.485 /Vr^ it appears that an 8-in., 31-lb. W.F. 
would be sufficient. 

Radius of gyration normal to the plane of the web = 2.01 in. Hence 
l/r = 144/2.01 = 71.6. Pc = 16,000 - 70 X 71.6 = 10,990 lb. per sq. in. 

Area required = 110,000/10,990 = 10.01 sq. in. Area of 8-in., 31-lb. W.F. 
is 9.12 sq. in. Section is insufficient, and hence we must use an 8-in., 35-lb. 
W.F., with an area of 10.30 sq. in. 

39. Medium-Length Round Cast-Iron Coliunn Supporting Centric Load.— 

Determine to the nearest | in. the thickness of a hollow round cast-iron column 
15 ft. high and of 10 in. outside diameter to carry a total centric axial load of 
230,000 lb. Pc = 9000 — 125 l/d. (New York Building Code formula modified.) 

Permissible compressive stress Pc = 9000 — 125 X 180/10 = 6750 lb. per 
sq. in. 

Area required = 230,000/6750 = 34.10 sq. in. From the properties of hol¬ 
low round sections as given in structural handbooks, a column with outside 
diameter of 10 in. and a shell thickness of 1^ in. has an area of 34.36 sq. in., 
which is adequate. 
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40. Effect of Two-Way and Four-Way Lateral Support. —A column con¬ 
sists in two successive 12-ft. stories of a 6-in., 25.0-lb. Carnegie H. In the 
lower of the two stories there exists a total centric axial load of 72,000 lb. At 
the bottom of the first of these stories, and at the top of the second, 4-way lateral 
support exists, but at the floor level betw-een, lateral support is available only in 
a direction normal to the column web, as indicated in Fig. 24. Express an 
opinion as to the safety of the column. C.E.S.A. formula for building columns 
(1924), Vc = 14,000 - 

The sufficiency of the column should be in¬ 
vestigated about the two principal axes of the 
column section. 

Normal to the web, buckling can take place 
only over a height of 12 ft. Slenderness 
ratio in this direction == 144/1.43 = 100.7. 

Vc = 14,000-^(100.7)2 = 10,620 lb. per sq. in. 

Existing stress in the lower of the two stories is 

= P/A = 72,000/7.35 = 9790 lb. per sq. in., 
which is safe. 

In the plane of the web, buckling can take 
place over two stories in height, that is, over 
24 ft. Slenderness ratio in this direction = 

288/2.53 = 113.8. p. = 14,000 - i(113.8)2 = 

9680 lb. per sq. in. Existing stress, as alreadj" 
found = 9790 lb. per sq. in. The column Ls, 
therefore, unsafe in the plane of the web. 

If there were 4-way sup{)ort at the inter¬ 
mediate floor, the column would be much 
stronger in the plane of the web than in a plane 
at right angles thereto. 

41. Long Tubular Coliunn Centrically 
Loaded. —A column 19 ft. long between lateral 
supports is to consist of a section of galvanized 
standard-weight steel pipe, and is to carry a 
total centric axial load of 7000 lb. Suggest a 
size if Vc = 13,000 — 50 //r. 

Assume a nominal 3-in. standard jnpe wdiich 
has an external diameter of 3.50 in. and an in- Fig. 24. —Effective Length of 

ternal diameter of 3.068 in. Area = 2.23 sq. in. Column. 

Radius of gyration, from handbook = 1.16 in. 

Slenderness ratio = 19 X 12/1.16 = 196.5. Vc = 13,000 - 50 X 196.5 
= 3175 lb. per sq. in. 

Area required = 7000/3175 = 2.21 sq. in. Area provided = 2.23 sq. in., 
which is sufficient. 

42. Medium-Length, Double-Angle Strut. —Find the total safe capacity 
of a strut 8 ft. 4 in. long between centres of end connections, if it be composed 
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of two 3 X X A-in. angles stitch riveted together, with the 3-in. legs adjacent 
and separated by a space of \ in. The 3-in. legs only are connected, the gauge 
being if in. as shown in Fig, 25. Pe = 16,000/(1 -f /V9000, r^), ends being 
assumed as free to turn. Neglect the effect of deflection. 

The maximum existmg stress which, according to Eq. (3) of Art. 36, is 


. _P My, 


will be found in terms of P, and by equating this to the permissible stress the 
safe capacity can be found. 

Area of member, no deduction of rivet holes being necessary, is 3.24 sq. in. 

Eccentricity of loading = 1.75 — 0.93 = 0.82 
in. Moment = 0.82 P in.-lb. Distance from neu¬ 
tral axis to most higlily compressed fibre is ye = 
3.00 — 0.93 =2.07 in. Moment of inertia about 
axis 1 — 1 at right angles to the plane of bend¬ 
ing = 2 X 1.40 = 2.80 in.^ 

Hence, maximum existing stress 


r“ 

I 

I 




^ /i''gusset 
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ji^) a 

Tow- 
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^ ^ 0.82 P X 2.07 

3.24"^ 2.80 


= 0.914 P 


l//ri 




4 


r,^0S4’^ 


gusset 


Least radius of gyration is in the plane of 
bending and is 0.94 in. Slenderness ratio, l/r = 
100/0.94 = 106.4. Hence pc = 16,000/(1 -h 
10G.4V9000) = 7120 lb. per sq. in. 

Now since 0.914 P = 7120, therefore P — 
7780 lb. 

If the load were wholly centric the equation 
would be 0.309 P = 7120, and P would be 23,000 
lb. Hence because of the eccentricity of the 
connection the capacity is only 33.8% of what it 
would be if the loading were centric. 

The assumption of perfectly hinged ends is, of cour.se, unduly severe, since 
the end connections actually afford considerable resistance to end rotation. 

43. Effect of Restraining Action of End Connections of Strut.—Determine 
the safe capacity of the strut of Art. 42 if it be assumed that only one-third of 
the apparent moment of eccentricity is absorbed by the strut, while two-thirds is 
absorbed by the other members that are connected to the same gusset plates. 
Assume the other data as in Art. 42. 


Fig. 25.—Double-Angle Strut. 


Eccentricity moment to be absorbed by the strut under consideration is 
I X 0.82 P = 0.273 P 
Maximum existing stress is 


^ ^ P , 0.273 PX 2.07 

2:^5 


0.511 P 


2.80 
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The permissible flexural stress being 7120 lb. per sq. in., then 0.511 P = 7120, 
and P « 13,920 lb. 

The safe capacity is thus 13,920/23,000 = 0.606 = 60.6% of that for a 
perfectly hinged centrically loaded strut. This is more nearly in accordance 
with the demonstrated capacity of struts in riveted frames than the result of 
the previous article. 

44. Eccentricity Required to Realize a Desired Ratio of Flexural to Direct 
Stress.—If the actual moment on the strut of Art. 42 be only one-third of the 
apparent moment, what eccentricity of connection should there be in order to 
make the flexural stress one-half of the direct stress? 


Equating the flexural stress to one-half of the direct stress, we have, if e 
be the apparent eccentricity, 

Peye ^ P 
37 2A 


whence, since 


1 = Ar\ 


e = 


2t/« 


As r in the plane of bending = 0.94 in. and = 2.07 in., c == 3 X (0.94)V2 
X2.07 = 0.64 in. 

46. Orientation of H-Column for Best Meeting of Eccentricity Moment.— 
A 14.25 X 14.58-in. 103-lb. H-column passing through a floor is to receive a 



Fig. 20. —Orientation of H-Column for Eccentricity Moment. 


30,000-lb. load on one face and a 15,000-lb. load on the opposite face, in each 
case applied 2.25 in. from the face of the column as shown in Fig. 26. So far as 
these loads alone are concerned, which way should the column be oriented? 

If the two loads are applied to the flanges, as in Fig. 26(o), the bending mo¬ 
ment about axis 1-1 is 15 X 9.375 = 140.6 in.-kips. 
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If the loads are applied to the web, as in Fig. 26(6), the bending moment 
about axis 2-2 is 15 X 2.5 = 37.5 in.-kips. 

So far as the effect of the two prescribed loads is concerned, the two orienta¬ 
tions shown will be equally effective in resisting centric axial load, but for moment 
that orientation will be better for which the ratio of bending moment to section 
modulus is smaller. For the (a) orientation this ratio is 


Ml 

Si 


140.6 

163.6 


0.86 


while for the (6) orientation it is 


& 


37.5 

57.6 


0.65 


It thus appears that for the loading condition specified, arrangement (6) 
is the better. This arises from the fact that each of the two loads, and conse¬ 
quently their resultant, is apfilied nearer the column axis in (6) than in (u). 

Because of the greater resistance to wind moment, and because heavy loads 
should be applied as directly as possible to the larger masses of metal and to 
broad, clear, flat surfaces, girders are usually connected to the flanges rather 
than to the web of a column section, notwithstanding the above example. 

46. Stress in a Stay Member Supporting a Centrically Loaded Hinged 
Column Buckled at Mid-Height.—^A W.F. section used as a column 25 ft. 
long is discovered after erection to have a centre deviation normal to the web 
of 0.5 in. from the straight line joining its ends. A horizontal stay member is 
connected to the column in such a manner as to meet directly and prevent any 
further buckling. If, subsequent to the introduction of the stay member, a 
centric axial load of 100,000 lb. is applied to the column, what stress will be pro¬ 
duced in the stay member? Assume the bend of the column to be parabolic. 


The necessary transverse force to prevent further buckling under a centric 
axial load P 2 applied after the stay member is brought into service is approxi¬ 
mately 




^2d 

I 


where d — the central deflection of the column and I — the total length of the 
column (not merely the distance from one end to the point of attachment of 
the stay member). 

Introducing the values of P 2 , d and Z, 

<^ = ^ 00gX05 ^8331b. 


It is obvious from the expression for Q that, for a perfectly straight column 
under centric axial load, the smallest possible lateral force, that is the weakest 
possible stay member would, in theory, prevent buckling at mid-height. 
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47. Effect of Deflection in Reducing Capacity of a Strut. —Find the safe 
capacity of the strut of Art. 42 if the effect of deflection be considered. 
E = 29,000,000 lb. jxjr sq. in. Ends considered as free to turn. 

Maximum existing stress, according to Eq. (6) of Art. 36, is 


/c + // = ~ + 

A 


Mye 


I 


10 A’ 


Equating this to the permissible stress 


P 0.82 P X 2,07 

^X(100)‘^ 

10 X 29,000,000 


= 7120 


Solving, P = 7300 lb., or 480 lb. less than for the case of Art. 42 in which the 
deflection was neglected. For struts of medium length the effect of deflection is, 


therefore, not important. 

48. Four-Angle Latticed Column 
Eccentrically Loaded. —The top story 
of a 4-angle latticed column supports a 
load of 45,000 lb. and one of 27,000 lb. 
applied as shown in Fig. 27. Assume 
that the weight of the column is included 
in these loads. Neglecting the effect of 
deflection, suggest a size. A.R.E.A. for¬ 
mula, Pc = 15,000 — 50 l/r. 

Assume a column consisting of four 
4 X 3 X iVin. angles arranged as shown 
in Fig. 27. 

Area of section = 4 X 2.09 = 8.36 
sq. in. 

Effective length of column =150 in. 
Moment of inertia about axis 1 — 1 
= 4 {1.70 4- 2.09(4.49)2} = 175.6 in.^ 
Radius of gyration about axis 1 — 1 
= (/i/A)^ = (175.6/8.36)^ = 4.57 in. 
Moment of inertia about axis 2 — 2 
= 4 {3.40 + 2.09(1.51)2) = 32.68 in.^ 
Radius of gyration about axis 2 — 2 
= (/ 2 /A)^ = (32.68/8.36)^ = 1.98 in. 

Permissible compressive stress, based 
upon the tendency of the column to buckle 
transversely to the plane of the lacing, pc 
= 15,000 - 50 X 150/1.98 = 11,2101b. 
per sq. in. 

Distance of line of action of resultant 













40 


ELEMENTARY STRUCTURAL PROBLEMS 


from 45,000-lb. load = (27,000 X 9.5 + 45,000 X 0)/72,000 = 3.56 in. Eccen¬ 
tricity of resultant load = 4.75 — 3.56 = 1.19 in. 

Moment of eccentricity of loading = 72,000 X 1.19 = 85,700 in.-lb. 

Area of column required, from Eq. (4) 
Art. 36 

72,000 , 85,700 X 5.25 


of 



Ac + A/ = 


+ 


F/n/shecZ FJoor 

. 1 ^ 


11,210 ’ (4.57)2 X 11,210 
== 6.42 + 1.92 = 8.34 sq. in. 

The assumed section is sufficient. 

49. Three-Story Eccentrically Loaded H- 
Column.—Design the top three stories of a con¬ 
tinuous H-column with web in the plane of 
eccentricity, if the loading and dimensions are as 
in Fig. 28 and the same section is used for the 
top story as for the one immediately below, pc = 
16,000 — 55 Z/r, with a maximum of 13,000 lb. 
per sq. in. E = 29,000,000 lb. per sq. in. 

Assume (1) that the effect of deflection in 
producing moment is neglected, and (2) that it is 
included. In the latter case, assume the column 
as fixed at one end and free to turn at the other. 
Assume the effective eccentricity as the apparent 
eccentricity divided by 2, and regard the eccen¬ 
tricity that originates in a given story as dissi¬ 
pated at the floor level below, provided that there 
is complete lateral support in the plane of eccen¬ 
tricity at this latter floor level. 

Top Story .—As the column is to be made con¬ 
tinuous for two top stories, the section found for 
the second story down from the roof will be amply 
strong for the top story. 

Story YZ .—Load on the second story down 
from the roof, that is YZ =26,000 lb. from roof 
+ 20,000 lb. centric load at floor Z + 25,000 lb. 
eccentric load at floor Z H- weight of column for 
l| stories, say 700 lb., or a total of 71,700 lb. 

Moment of eccentricity of 25,000-lb. load, 
assuming an 8-in., 31-lb. W.F., with depth 
8 in. = § Pe = ^ X 25,000 X 6.25 = 78,125 
• in.-lb. 

Unsupported length is approximately the distance between finished floors, 
that is 13 ft. = 13 X 12 = 156 in. For an 8-in., 31-lb. W.F., area = 9.12 sq. in.; 


I 
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I 

Section A-A 


I ^ 






I I 5p//ce 
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Fig. 28 . —Three-Sto^ Eccen* 
trically Loaded H-Column. 
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radius of gyration about the axis 1 — 1 (Fig. 28) = 3.47 in.; radius of gyration 
about the axis 2 — 2 = 2.01 in. Hence l/r in plane of web = 166/3.47 = 44.9 
and at right angles to plane of web, it is 156/2.01 = 77.6. 

Maximum permissible stress, considering strength in plane of web must, 
therefore, since j>c = 16,000 — 55 l/r = 13,530 lb. per sq. in., be limited to 
13,000 lb. per sq. in. to conform to the specification. At right angles to the 
plane of the web, pc = 16,000 — 55 X 77.6 = 11,730 lb. per sq. in., which 
governs. 

Approximate Design, Story YZ, —^As the column is evidently weakest at 
right angles to the plane of the web, it must be proportioned so that the sum of 
the axial compressive and flexural stresses will not exceed 11,730 lb. per sq. in. 
To ensure this, the area required, Eq. (4), Art. 36, is 


Ac + Af 


71,700 78,125 X 4.0 

11,730 (3.47)2 X 11,730 


= 6.12 + 2.21 = 8.33 sq. in. 


As the area provided is 9.12 sq, in., the section is adequate. 

Allowance for Deflection, Story YZ —The design will be checked for the 
effect of the total axial load acting on the deflection in the column arising from 
eccentricity of loading. The total area required, if one end be assumed as fixed 
and the other as free to turn, with the value of C consequently approximating 
15 (Art. 1), is from Eq. (7) of Art. 36. 


Ac + Af 


71,700 

11,730 



78,125 X 4.0 
71,700 X 1562 \ 

15 X 9.12 X 29,000,000/ 


11,730 


= 6.12 + 2.30 = 8.42 sq. in. 


As this is less than the area provided, the section is adequate. 

Story XY, —Since the column is well supported in the plane of eccentricity 
at floor y, the eccentricity of the 25,000-lb. load at floor Z may be considered as 
wholly dissii)ated below floor Y, The loading originating above floor Y becomes 
here, therefore, a centric load of 71,700 lb. If the column from mid-height 
of story YZ to mid-height of story XY be assumed to weigh 650 lb., 
the total load on this tier is 71,700 lb. centric from above floor Y + 
20,000 lb. centric at floor Y -f 25,000 lb. eccentric at floor Y + 650 lb. centric 
column weight = 117,3501b. 

Moment of eccentricity of 25,000-lb. load at floor F, if section is 8| in. deep 
= i X 25,000 X 6.38 = 79,800 in.-lb. 

Assume an 8-in., 40-lb. W.F.; area = 11.76 sq. in.; radius of gyration about 
the axis 1 — 1 = 3.53 in.; radius of gyration about the axis 2 — 2 = 2.04 in. 
Hence l/r at right angles to the plane of the web = 156/2.04 = 76.5, and the 
governing permissible stress = Pc = 16,000 — 55 X 7jS-fi''^ir,7901b; per sq. in. 
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Approximate Design, Story XY ,—Area required for centric axial loading and 
moment of eccentricity is 


A. + Aj 


117,350 79,800 X 4.13 

11,790 (3.53)‘^ X 11,790 


= 9.98 + 2.25 = 12.23 sq. in. 


The section assumed is not sufficient. Adopt an 8-in., 48-lb. W.F. which has 
an area of 14.11 scj. in. 

Allowance for Diftiction. Story XY .—The total area required, allowing for 
the effect of defl(‘ction, and assuming the 48-lb. W.E., is found, proceeding as for 
story YZ, to be 

117,350 I X 25,000 X 0.50 X 4.25 

' (;,0P- \ 

\ 15 X 14.11 X 29,000,000/ 

= 9.90 + 2.32 = 12.22 sq. in. 


As the area of an 8-iii., 48-lb. W.F. is 14.11 sq. in., this sc^ction is adequate. 
60. Centric Axial Load Equivalent to an Eccentric Axial Load. —Find the 
centrally applied load which is etpiivalent to the actual axial load and bending 
moment applied to tbe story XY of the (‘olumn in Art. 49. 


P = 117.35kips; il/i = 79.8in.-kips 


Using an 8-in., 48-lb. W.F., Bi = 0.327, 


Pc = 117.35 4- 79.8 X 0.327 = 143.4 kips 

61. Design of a Crane Runway Column. —The side columns of a building 
support both the roof and a crane runway in the manner shown in Fig. 29. 

The load imposed by the roof truss due to dead weight and snow is 12,000 lb. 
This will be assumed to include such roof load as is transmitted directly to the 
(olumn by the eave purlin and the w^eight of the column. Consider it and a 
downward wind force of 2400 lb. as ai)plied at the face of the inner flange of the 
column. A horizontal wind force of 3600 lb. will be assumed as applied at the 
top of the column. 

The maximum reaction from the runway is 30,000 lb. and is applied to the 
bracket 10 in. from the face ol' the column. The horizontal and the upward 
vertical components of the wind reaction at the leeward column base arc respec¬ 
tively 3600 and 2400 lb., the columns being assumed as free to turn at the base, 
and at the top as well. 

Assuming the dimensions shown in Fig. 29, recommend a single rolled section 
for the leeward column. pc= 20,000 — 80 l/r, with a maximum of 20,000 for a 
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combination of dead load, snow load, crane load and wind load stresses. Neglect 
the effect of deflection. 

As the permissible working stress will be determined by the tendency of the 
column to buckle transversely to the web, a beam with a comparatively wide 
flange is desirable. Hence assume tentatively an 18-in., 47-lb. W.F., with an 



area of 13.81 sq. in., a section modulus of 82.3 in the plane of bending, and a 
radius of gyration of 1.56 at right angles to the web. 

Above the crane runway bracket the total axial load = 12,000 lb. dead and 
snow load -f- 2400 lb. wind load == 14,400 lb. Below the crane runway bracket 
it is 14,400 + 30,000 = 44,400 lb. 

In addition to the horizontal reaction at the base of the column due to ^vind, 
there will be one at the top and the bottom of the column due to the eccentricity 
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of the axial loading. Taking moments about the point A on the axis of the 
column and at its top, 


(14,400 X 8.95) + (30,000 X 18.95) 
25.5 X 12 


2280 lb. 


This force acts to the right at the top and to the left at the bottom of the 
column. 

Two cross sections require consideration: (1) at the top of the bracket, and 
(2) at the bottom of the bracket. 

At the top of the bracket the moment about a point on the axis of the column, 
considering forces above the bracket, is (2280 + 3600) X 13.5 X 12 — 14,400 
X8.95 = 826,000 in.-lb. 

Maximum fibre stress at the top of the bracket is, from Eq. (3) of Art. 36, 


fc+f/ = 


14,400 

13.81 


826,000 

82.3 


= 1040 + 10,010 


= 11,050 lb. per sq. in. 


If a strut be run along the inside of the columns at the level of the top of the 
crane bracket, the column will be supported on one flange at this point. Although 
the compression flange is not directly stayed, it derives considerable restraint 
from the support on the tension flange, and the permissible stress would be at 
least as great as the existing stress, 11,050 lb. per sq. in. 

At the bottom of the bracket, considering forces below this level, and remem¬ 
bering the assumption of no moment at the base, the moment is (2280 + 3600) 
X 10.5 X 12 = 742,000 in.-lb. 

Maximum fibre stress at the bottom of the bracket is 


44,400 742,000 

fc-tf/- + g 2.3 

= 3210 + 9020 = 12,230 lb. per sq. in. 

The section at the bottom of the bracket is only 1.5 ft. away from a point 
of lateral support, and hence an assumption of a 12-ft. unsupported length is 
very much on the severe side. According to this, however, l/r transverse to the 
plane of the web = 144/1.56 = 92.4, and pc = 20,000 — 80 X 92.4 = 12,610 lb. 
per sq. in. 

The column is thus amply safe. 

62. Design of Eccentrically Loaded Comer Column.—Design the two 
stories of the eccentrically loaded H-section corner column shown in Fig. 30, 
assuming the orientation and dimensions there indicated, and the loads delivered 
to the column at each of the floors AT, Y and Z as equal and having the magni¬ 
tude and point of application shown in section A-A, 

Permissible combined stress, Pc = 17,000 — 0.485 lb. per sq. in. 


Assume that the effect of deflection in producing moment is neglected, that 
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the effective eccentricity is the apparent eQcentricity divided by 2, and that 
the eccentricity which originates in a given story is dissipated at the floor level 


below, if there be complete lateral 
support in the plane of eccentricity 
at this latter floor level. 

Btory YZ ,—^The column in this 
story carries (1) a centric axial load of 
75,000 lb. from the story above; (2) 
a load of 25,000 lb. applied in the 
central plane of the column web and 
10 in. from the column axis, and (3) a 
load of 18,000 lb. applied 5 in. to one 
side of the central plane of the web 
and at a distance from the axis of the 
column amounting to half the depth 
of the column section plus 2.25 in. 

Total axial load, P, is 75,000 + 
25,000 + 18,000 = 118,000 lb. 

Assuming an H-column section 10 
in. deep, the apparent eccentricity of 
the 18,000-lb. load about the axis 1~1 
is 5 + 2.25 = 7.25 in. 

The total apparent moment about 
the 1-1 axis is then 25,000 X 10 — 
18,000 X 7.25 = 119,500 in,-lb., and 
the actual moment is one-half of this, 
or Ml = 59,750 in.-lb. 

About the axis 2-2, the apparent 
moment is 18,000 X 5 = 90,000 in.-lb. 
and the actual moment is M 2 = 
45,000 in.-lb. 

Assume a 10-in. 45-lb. W.F. sec¬ 
tion, for which A = 13.24 sq. in., Si 
= 49.1, S 2 = 13.3 and r 2 — 2.00 in. 
The maximum existing stress, extend¬ 
ing Eq. (3) of Art. 36 to cover bend¬ 
ing parallel to the two principal axes, 
and using section moduli rather than 
moments of inertia, is 



fc +ffl +f/2 


P ^ ^ 

Si S2 


118,000 


59,750 ^ 45,000 


13.24 49.1 

8920 + 1220 + 3380 


= 13,520 lb. per sq. in. 


13.3 






46 


ELEMENTARY STRUCTURAL PROBLEMS 


Since the permissible stress for the maximum slenderness ratio, which is 
147/2.00 = 73.5, is, from the table in “Steel Construction,” 14,380 lb. per sq. in., 
the section is adequate. 

The actual depth of the section is 10.12 in., but the excess over the assumed 
10 in. affects the computed moment but slightly. 

SUyry XY, —^According to the assumptions of the design, the axial load of 
118,000 lb. in story YZ becomes wholly centric below floor 7. At this floor, 
however, an eccentric load of 25,000 lb. and one of 18,000 lb. are applied, as 
shown in Fig. 30. In story XY there is then a total axial load of P = 161,000 lb. 
part of which is eccentric. 

If the section be a 10-in. H, the moment will be, as for story FZ, Mi = 59,750 
and Mj = 45,000 in.-lb. 

Assume a 10-in., 49-lb. W.F., for which A = 14.40 sq. in., aSi = 54.6, /S 2 
= 18.6 and r 2 = 2.54 in. 


Jc + //I + //2 = 


161,000 59,750 45,000 

14.40 54.() 18.6 

11,180 + 1095+ 2420 
14,695 lb. per sq. in. 


The slenderness ratio being 58, the permissible stress is 15,370 lb. per sq. 
in. 

63. Design of Double-Angle Member Subjected to Axial Compression and 
Cross Bending. —A double-angle compression member of a truss, 10 ft. long 
between panel points and inclined at 45 deg. to the horizontal, carries a thrust 
of 22,000 lb. The angles are stitch riveted together at intervals of about 2 ft., 
as shown in Fig. 31, and arc connected to the end gussets by rivets in the adjacent 
legs only. 

Recommend a size for the angles, making allowance for the cross bending due 
to the weight of the angles, and for the effect of deflection, pt = 20,000 — 80 //r, 
with a maximum of 17,000 lb. per sq. in. Consider the strut as partially fixed 
at the ends, so that C in Eq. (6) of Art. 36 is 15. E = 29,(X)0,000 lb. per sq. in. 

The strut will be assumed to l)end as a whole in the plane of the gussets. 
For an exact analysis, the theory of unsynmietrical bending should be applied, 
each angle being considered as partially stayed by the other. 

Assume two 4 X 3 X iVin. angles with 4-in. legs back to back, separated 
by the thickness of gussets, or I m* Gross area (no deduction being required 
for rivet holes) = 4.18 sq. in. Moment of inertia about axis 1 ~ 1 = 6.8 in."* 

Apparent moment is due (1) to eccentricity of force P, which, for the special 
gauge of 2 in. is 2.00 — 1.26 = 0.74 in., and (2) to weight of angles, or 14.4 lb. 
per lin. ft. 

Eccentric moment = Pe = 22,000 X 0.74 = 16,300 in.-lb. 

Component of weight of member normal to its length = 14.4 cos 45° = 10.2 
lb. per lin. ft. Moment at centre of strut, making allowance for partial fixity 
at the ends, is approximately, -fV X 10.2 X (10)* X 12 = 1230 in.-lb. 

Since the eccentric moment tends to bend the member upward and the weight 
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moment tends to bend it downward, the latter must be taken from the former, 
and the net apparent moment = 16,300— 1230 = 15,070 in.-lb. 

Neglecting the component of the weight of the member parallel to its length, 
the maximum stress on the lower fibres at the centre is, from Eq. (6) of Art. 36 

22,000 15,070 X 2.74 

4.18 g 3 _ 22,000 X (120)^ 

15 X 29,000,000 

= 5270 + 6800 = 12,070 lb. per sq. in. 



Fig. 31. —Member Subjected to Compression and Cross Bending. 

Greatest allowable stress on strut, for the maximum value of l/r (in plane of 
gussets) of 120/1.27 or 94.5, is pr = 20,000 — 80 X 94.5 = 12,440 lb. per sq. in. 
The section is adequate. 

64. Exercise Problems on the Design of Compression Members. —The 

following exercise problems are based on the principles employed in the problems 
of this chapter. See Appendix I for the answers. 

(1) A single 6 X 6 X ^-in. angle, 10 ft. long, is used as a column in a building. 
Estimate its safe carrying capacity, assuming the load as centrically applied. 
Vc = 13,000 - 0.25(i/r)2. 

(2) A column 15 ft. high between lateral supports consists of four 5 X 3i X J-in. 
angles and a 12 X f-in. web plate arranged in an Insection \2\ in. deep. What 
centric axial load will it safely carry? pc — 17,000 — 0.485 f/r^. 
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(3) Report on the safety of a steel column 18 ft. long subjected to a centric axial 
load of 300,000 lb., if the column consists of two 10-in., 20-lb. channels and two 
12 X ^-in. flange plates, the flanges of the channels being turned out. pc = 14,000 

(4) A 5-in., 18.9-lb. H-column, 10 ft. long, carries a centrically applied load of 
49,000 lb. Express an opinion as to the safety of the column, pc « 19,000 — 100 l/r 
with a maximum of 13,000 lb. per sq. in. 

(5) A steel column 13 ft. long is required to carry a centric axial load of 67,000 lb. 
Suggest a section, pc = 14,000 — 0.5 (l/ry. 

(6) A steel column in a 2-story building receives from the roof a load of 20,000 lb. 
and from the first floor 85,000 lb., the loads in each case being centrically applied. 
If the column is supported laterally in all directions at the roof and at the first floor 
levels, suggest a section for the column in the first story, pc — 15,000 — 50 l/r. 
Story heights, 12 ft. 

(7) Express an opinion as to the safety of an 8-in. 18.4-lb. I-beam 8 ft. long used 
as a column and carrying a load of 35,000 lb. apjdied 1 ^ in. off centre in the central 
plane of the web. pc = 15,000 — 50 l/r, 

(8) A steel column consisting of two 10-in., 15.3-lb. channels and two 12 X 
plates on the flanges carries a total axial load of 200,000 lb. 1 in. off centre in the 
direction of the channel webs. Express an opinion as to the safety of the column 
if the permissible stress on the extreme fibre is pc = 16,000 — 70 l/r and the story 
height is 14 ft. 

(9) A hollow circular cast-iron column, 12 ft. long, with 8 in. outside diameter 
and 1 in. thickness, is subjected to an axial load applied ^ in. off centre. What is 
the maximum permissible amount of this load? Use formula, pc = 10,000/ 
(1+ ZV800 d^), 

(10) A 6-in., 12.5-lb. I-beam is used as a vertical strut supporting a load of 
20,000 lb. applied 1 in. off centre in the plane of the web. If the length of the strut 
is 6 ft., report on the safety thereof, taking account of the effect of deflection. 
Pc = 15,000 — 50 l/r. E = 30,000,000. Ends free to turn. 

(11) Determine the maximum fibre stress on the 4-angle laced top story column 
of Art. 48, taking into account the effect of deflection. C = 10 in. Eq. (6) of Art. 36. 
E = 29,000,000 lb. per sq. in. 

(12) A steel column supporting a centric axial load of 70,000 lb. is 22 ft. long and 
is supported laterally in one plane at the mid-point. Recommend a section. 
Pc = 14,000 - §(Z/r)2. 

(13) Select a suitable section for a steel column 13 ft. long to carry an axial load 
of 70,000 lb. applied § in. off centre. Indicate clearly the recommended o^-ientation 
of the column. Neglect the effect of lateral deflection, pc = 13,000 — 0.25(Z/r) 2 . 
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COMPRESSION MEMBER DETAILS 

55. Steel Plate Column Base. —^A 14-in., 264-lb. W.F. section is to deliver 
a centric axial compression of 600 tons to a concrete pedestal through a solid 
steel slab, or plate, base. Design the base, using the method recommended by 
the American Institute of Steel Construction in its handbook “Steel Construc¬ 
tion^’ (1946). 

Permissible flexural stress on steel plate, p/ = 20,000 lb. per sq. in.; permis¬ 
sible bearing on concrete pedestal, pc = 600 lb. per sq. in. Neglect the uplift 
effect. 



The required area of the plate = 1,200,000/600 = 2000 sq. in. 

Use a 44 X 46-in. plate with the long dimension parallel to the depth of the 
H-section, as shown in Fig. 32. 

Since the depth of the column section is 16.60 in., the dimension m in Fig. 32 
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is (46.0 — 0.95 X 16.50)/2 = 15.16 in. Similarly, since the flange width of the 
section is 16.02 in., the dimension n is (44.0 ~ 0.80 X 16.02)/2 == 15.59 in. 

According to the method employed in the handbook mentioned, the net 
thickness of the plate should be at least 



0 ) 


where I is the greater of the two projections m and «, and is the existing up¬ 
ward pressure per unit of area. 

In the present case I = 15.59 in. The value of u being 1,200,000/(44 X 46) 
= 593 lb. per sq. in., 


t = 15.59 


4 


3 X 593 

20,000 


4.65 in. 



An allowance of in. must be made for planing the top of a plate of this 
thickness, although the bottom may be left rough for the grouted bearing. The 

rough plate should thus be at least 4.9( 
in. thick. The nearest available thick¬ 
ness is 5 in., which will be used. 

To hold the steel column section in 
I)lace on the plate during erection, a 
pair of 5 X 4 X angles is riveted 
to the column web and connected to 
the plate by two l^in. studs tapped 
2^ in. into it. Connection is made to 
the column web rather than to the 
flanges to lessen the amount of drilling. 

66. Design of Riveted Steel Base 
for H-Column. —Design a riveted steel 
plate and angle base of the type shown 
in Fig. 33 for an 8-in., 58-lb. H-column, 
the total load being a 95,000-lb. centric, 
axial load. Rivets, -J in. Anchor bolt 
Pf = 20,000 lb. per sq. in. p, = 12,000 lb. 
Pbj on concrete pedestal = 500 lb. per 








?! 




BASE MATERIAL 

/Sffse 

2 Fhn^e d"-* 4 
Rivets, 


Fig. 33.—Riveted Base for H-Ccolumn. 


holes I in. larger than anchor bolts, 
per sq. in. pb = 24,000 lb. per sq. in. 
sq. in. Consider 40% of the total axial load as carried directly to the masonry 
by bearing of the faced end of the column shaft. 


Bdse Plate .—Required area of base plate = total load divided by permis¬ 
sible pressure on masonry = 95,000/500 = 190 sq. in. 

Assuming base angles with 4-in. horizontal legs, the length of base plate 
parallel to the column web would need to be 17 in. to accommodate an 8.75 X 
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8.22-in. column section. Adopting a stock width, the plate will be 12 X 17 in., 
giving 204 sq. in. of area. 

The thickness of the base plate should be sufficiently great to ensure that no 
undue flexural stresses arise in it and that the upward deflection will not be 
excessive at any point. The strip of plate between the column web and the 
17-in. edges should be investigated for stress and deflection, as also the part of 
the plate and its base angle reinforcement extending outwards from each flange. 

For the first-named area of plate, an approximate empirical detennination 
of the required thickness may be made by considering a strip 1 in. wide as a 
cantilever beam projecting outwards from the web at right angles to the 16-in. 
edge. 

The intensity of upward pressure on such a cantilever strip may be assumed 
in accordance with the approximate semi-rational formulae 

w' = (0.25 [ — 0.10)m), for \ ^2 (1) 

0 0 

w' = 0.20 ^ w, for - 5 2 (2) 

0 b 

where w' = virtual uniformly distributed upward pressure on the cantilever 
strip; 

I = mean length of the unsui)ported area of j)late under consideration, 
measured at right angles to the cantilever strip; 
h = cantilever span; 

w = average existing upward pressure on the base plate, per unit of area. 

In the present case, I = 7.0 in., ai^proximately, and h = 5.74 in., and, there¬ 
fore, //6 = 7.0/5.74 = 1.22. 

Assumed upward loading on cantilever, from Eq. (1) above = (0.25 X 1.22 
-0.10) X 95,000/192 = 102 lb. per sq. in. 

Maximum inomcnt on 1-in. strip for projection of 5.74 in. clear of the web 
= i X 102 X (5.74)2 = I680in.-lb. 

Required section modulus == 1680/20,0(X) = 0.083 in.® 

A 4 -in. base plate giving a section modulus of i X 1 X (0.75)® = 0.094 in.® 
will be adetpiate. 

The upward deflection will not Ix'come objectionable for such a cantilever 
strip, restrained as it is by the support at right angles to it, if the thickness of the 
base plate is at least iV of the cantilever span. In this case it is 0.75/5.74 
= 0.131. 

On the flange side of the column, considering the combined plate and base 
angle outside the fillet of the latter, there is a cantilever of about 3.25-in. span 
loaded uniformly by an upward pressure of 95,000/204 = 466 lb. per sq. in. 

Moment on a 1-in. strip = ^ X 466 X (3.25)^ = 2460 in.-lb. 

^lequired section modulus = 2460/20,000 = 0.123 in.® 

The section modulus of the combined plate and i^-in. angle, is -J- X 1 
X (1.188)2 = 0.235 in.®, which is ample. 
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The deflection of this simple cantilever will not be objectionable if the com¬ 
bined thickness is at least | of the projection. It is 1/3.25. 

Base Angles ,—Since only 40% of the total axial load is assumed to be trans¬ 
ferred to the masonry by the faced end bearing of the column shaft, the remain¬ 
ing 60%, or 95,000 X 0.60 = 57,000 lb., must be delivered to the base plate 
by the base angles. To make this possible, enough rivets must be placed through 
the column shaft to develop 57,000 lb. 

The least value of a rivet through a flange is its single shear value = 0.442 
X 12,000 = 5300 lb. The required number of rivets is, therefore, 57,000/5300 
= 10.8. Twelve is the least practicable number. 



Fiq. 34. —Riveted Base for Channel Column. 


The 8 X 4 X A-in. l)ase angles are run full width of the base. No base 
angles are required on the web for a column of this weight. 

All vertical rivets through base angles must be countersunk on the under 
side. Sufficient rivets should be employed to develop, in conjunction with the 
friction of the parts, a horizontal shearing resistance at the plane of contact of 
the base angles and base plate consistent with the joint flexural action of these 
two elements. Anchor bolt holes of 1| in. diameter are provided for 1-in. 
anchors. 
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57. Design of Riveted Steel Base for a Dpuble-Channel Column. —Design 
a riveted steel plate and angle base of the type shown in Fig. 34 for a column 
consisting of two 12-in., 20.7-lb. channels with flanges turned out, the total load 
being a centric axial load of 155,000 lb. Side plates and base angles on both the 
flanges and the web are to be used. Rivets, f in. Anchor bolt holes ^ in. 
larger than the anchor bolts, pf = 18,000 lb. per sq. in. = 10,000 lb. per 
sq. in. Pb = 20,000 lb. per sq. in. on concrete pedestal, =400 lb. per sq. in. 
Consider 35% of the total axial load as carried to the pedestal by bearing of the 
faced end of the column shaft. 

Base Plate ,—^Required area of base plate = 155,000/400 = 388 sq. in. 

To provide for |-in. side plates on the column flanges and 3j-in. horizontal 
legs for the flange angles, the length of base plate parallel to the channel webs 
would need to be 12 •+• (2 X ?) + (2 X Sj) == 19j, or say 20 in. A plate 
20 X 20 in. will be adopted, giving an area of 400 sq. in. 

As in the problem of Art. 56, the cantilevered base plate should be investi¬ 
gated for flexure and deflection, as also should the area inside the column section. 

For a 1-in. strip projecting outward from the edge of one of the base angles, 
the span is 2.47 in. The mean length, f, of the unsupported area of plate in this 
2.47-in. zone is 12 in. Hence l/b = 12.0/2.47 = 4.86. According to Eq. (2) 
of Art. 56, the cantilever strip should be designed for a uniformly distributed 
upward pressure of 

w' = 0.20 X 4.86 X 155,000/400 = 377 lb. per sq. in. 

Maximum moment for 2.47-in. projection = | X 377 X (2.47)* = 1150 
in.-lb. 

Required section modulus = 1150/18,000 = 0.064 in.* 

A f-in. base plate, giving a section modulus of 0.065 in.* per inch of width 
would be adequate. For a thickness in excess of of the cantilever span (see 
Art. 56), the deflection would not be excessive. This thickness will be adopted 
tentatively. 

Consider next a similar strip extending back to the fillet of a web base angle, 
a distance of 5.1 in. The mean length of the zone having this unsupported 
width is about 11.5 in. Hence l/h = 11.5/5.1 = 2.26. According to Eq. (2) 
of Art. 56, this cantilever strip should be designed for an upward pressure of 

w' = 0.20 X 2.26 X 155,000/400 = 175 lb. per sq. in. 

Maximum moment = | X 175 X (5.1)* = 2280 in.-lb. 

Required section modulus = 2280/18,000 = 0.127 in.* 

Counting the combined thickness of the assumed plate and the base angle, 
or say 1 in., the section modulus provided per inch of width is 0.167 in.®, which is 
ample. The projection is within the rule for deflection. 

On the flange side of the column, the projection from the fillet of the base 
angle is 2.75 in, and the upward pressure is 155,000/400 = 388 lb. per sq. in. 
On a 1-in. strip, the moment = i X 388 X (2.75)* = 1470 in.-lb. 
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Required section modulus ~ 1470/18,000 ~ 0.082. Section modulus of 
combined thickness of 1 in. = 0.167 in.^, which is adequate. 

The combined thickness is 1/2.75 of the projection, and, therefore, ample for 
deflection. 

Assume that the ratio of upward pressure borne by the base plate in the direc¬ 
tion of the short dimension of the area within the column section to the total 
nominal unit pressure on the plate is given by the formula r = I*/(I* -f 5^), 
where I = long side and b = short side of the inner rectangle. Since / = 12 in. 
and h = 7.5 in., r = 0.87. Hence strips in the short direction should be figured 
for an upward pressure of 0.87 X 388 = 338 lb. per sq. in. 

Assuming perfect restraint under the column webs, the moment on a 1-in. 
strip running in the direction of the 7^-in. dimension = iV X 338 X (7.5)^ = 1580 
in.-lb. 

Required section modulus = 1580/18,000 = 0.088 in.^ 

The I-in. plate tentatively adopted will not be sufficient. For a f-in. i)late, 
the section modulus provided = ^ X 1 X (0.75)^ = 0.094 in.® 

The deflection will not be excessive if the unsuj)ix)rted length of plate in the 
interior area is not in excess of 16 times the thickness of the base plate. In this 
case it is exactly 16 times that thickness. 

Side Plates and Base Angles. —The side plates and base angles must deliver 
to the base plate 65% of the total column load, or 0.65 X 155,000 = 101,000 lb. 
Assume 16 rivets through the column flanges and 8 rivets through the column 
webs, as shown in Fig. 34. The safe resistance of each of the former rivets is 
its single shearing value = 0.442 X 10,000 = 4420 lb., and of each of the latter 
its bearing value on the 0.28-in. web of column channel, or 0.28 X 0.75 X 20,000 
= 4200 lb. The total resistance of the two groups is (16 X 4420) + (8 X 4200) 
= 70,700 + 33,600 = 104,300 lb., which is slightly in excess of requirements. 

The side plates will be made I in. thick, will extend across the base, as shown 
in Fig. 34, and will be 12 in. deep to allow for three rows of rivets above the base 
angles riveted to them. 

The base angles on the column flanges have 12 rivets driven through them 
into the side plates, or enough to develop 12 X 4420 = 5^1,000 lb., leaving 
48,000 lb. to be applied to the base plate by the faced side i)lat('s and the base 
angles on the web. The 8 rivets in the latter will develoj) of themselves 33,600 lb. 

Two 1 J-in. anchor bolts will be used, and the holes will be 1 1 in. diameter. 

68. Design of Riveted Steel Base for a Column Subjected to Over¬ 
turning. —Design a riveted steel plate and angle base of the type shown in 
Fig. 35 for an 18-in., 50-lb. W.F. column to withstand a simultaneous axial load 
of 25,000 lb. 12 in. off centre on the leeward side and a wind moment of 35,000 
ft.-lb. 

Assume that the mass and form of the concrete pedestal is sufficient to 
accommodate the vertical loading and the overturning moment applied to it 
by the column base. 

Rivets, 4 in. Anchor bolt holes | in. larger than the anchojr bolts, p/ and 
Pt = 18,000 lb. per sq. in., ps = 12,000 lb. per sq. in., pb = 24,000 lb. per sq. in. 
and pb on concrete pedestal = 600 lb. per sq. in. 
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Base Plate ,—^The area of the base plate must be such as to keep the pressure 
on the concrete at the leeward edge of the base plate within 600 lb. per sq. in. 
The plate must transmit a centric compression of 25,000 lb. and a moment of 
(35,000 X 12) + (25,000 X 12) = 720,000 in.-lb. 

It is convenient to replace this system of forces by a single 25,000-lb. down¬ 
ward vertical force, R, acting on a line 720,000/25,000 = 28.8 in. off centre on 
the leeward side, as shown in Fig. 35(6). 

Since no tension can exist between the base plate and the top of the ped¬ 
estal, this effect being entirely resisted by the windward anchor bolt, it may 



bo shown that, with roforonco to Fig. 35(6) the following equations apply approx¬ 
imately (see* Appendix II) : 


zh az^ + S Cz — Cd 

(1) 

^ 10 Ag{d db o) 

36 

(2) 

T 

a — z 

(3) 

. _T + B 

1.5 bz 

(4) 


The symbols involved have the following significance: 

Ag = gi’oss area of anchor bolt (or bolts) on windward side of column; 
a = distance of resultant R from the toe A of the base plate; 

6 = breadth of base plate; 

d = distance from toe A to windward anchor bolt or bolts; 
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kd = distance from toe A to inner limit of compressive area of pedestal; 
fc = maximum existing stress in compression per unit of area; 

R = substitute vertical force producing same direct and turning effect as the 
actual forces; 

T = total tension in windward anchor bolt (or bolts); 

2 = distance from toe A to centre of gravity of pressure triangle. 


In order to apply Eqs. (1) to (4) to the design of the base, a, 6 and d must 
be assumed. 

Approximaiion of Data .—^To furnish data required in the exact design of the 
base, the simple theory of combined compression and flexure may be applied. 
Assume tentatively a 14 X 27-in. base plate. From Eq. (4) of Art. 36, the area 
required to satisfy a centric compression of 25,000 lb. and a bending moment 
of 720,000 in.-lb. is 


Ac + Af 


25,000 720,000 X 13.5 

600 X (27)2 X 600 


= 41.7 + 266.7 = 308.4 sq. in. 


As this approximate method is in error considerably on the side of weakness 
a 16 X 27-in. base plate will be assumed in the more exact analysis. 

Considering the arrangement of Fig. 35(a), in conjunction with Fig. 35(b) 
a = 15.3 in., 6 = 16 in. and d = 25 in. 

To approximate the gross area of the windward anchor bolt (or bolts) com¬ 
pute the moment from Fig. 35(5) about the toe A. This is 25,000 X 15.3 
= 382,500 in.-lb. Considering the turning as taking place about A, and neglect¬ 
ing the small amount of pull in the leeward bolt (or bolts) the tension in the 
windward bolt is 382,500/25 = 15,300 lb. Area required = 15,300/18,000 
=0.85 sq. in. One l^-in. bolt with an area at the root of thread of 0.89 sq. in. 
would suflSce. However, since this method is in error on the unsafe side a l^-in. 
bolt will be assumed in the more exact analysis. Hence, Ag = 1.767 sq. in. 

Revised Design of Base Plate .—Introducing in Eq. (2) the data established 
above, with the plus sign for a, since R falls outside the base, 

^ _ 10 X 1.767(25 + 15.3) _ 


Equation (1) then becomes, the plus sign applying for the second term, 

23 + 15.3 22 + 44.6 2 = 371.3 

Solving for z by the method of approximation, 2 = 3.42, and the length of the 
compression area, kd, = 3 X 3.42 = 10.26 in. 

From Eq. (3), again using the plus sign, 

T = 25,000 X - •^ , + 15.3 ^ jqo lb. 

25.0 - 3.42 


21,700 + 25,000 
1.5 X 16 X 3.42 


570 lb. per sq. in. 


From Eq. (4) 
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As the latter is within the safe compressive stress on concrete, the base plate 
is sufficiently large. 

The thickness will be determined by the flexural strength at the leeward 
edge of the plate of the combined thickness of the base plate and the base angle 
on the flange. The most trying condition will be near a corner of the plate, 
where the influence of the stiffener angles on the flange is small. Consider a 
strip 1 in. wide at right angles to the 16-in. edge. Let the average upward 
pressure on this be 500 lb. per sq. in. The cantilever span, from the edge of the 
fillet of the base angle, assuming the latter to be ^ in. thick, is 3.5 in. Hence, 
the moment on the strip = f X 500 X (3.5)^ = 3060 in.-lb. 

Section modulus required is 

S = 3060/18,000 = 0.170 in.^ 

If the base plate be assumed as f in. thick, and it and the ^-in. base angle 
be assumed to be riveted together sufficiently well to act as one slab 1J in. thick, 
then the section modulus provided is 

S = iX 1(1.125)2 = 0.211 in.» 

which is sufficient. The ratio of span to thickness, which is 3.5/1.125 = 3.11, 
is such as to satisfy the deflection requirements discussed in Arts. 56 and 57. 

Bearing of Column Shaft .—^Any column shaft which at a section immediately 
above the base will safely resist the forces specified will not be overstressed in 
end bearing on the base plate, since bearing com])ression may always be specified 
higher than the compressive stress in the shaft. 

Base Angles .—^The base angles connecting the flanges of the column to the 
base plate have already been fixed as \ in. thick. Angles 6 X 4 in. with the 
4-in. legs horizontal will accommodate the necessary rivets and anchor bolt 
holes. The upper horizontal angles on the flange to provide seats for the 
anchor bolts will be made of the same size and will have the 4-in. legs horizontal. 

Two vertical stiffener angles 3^ X 3 X f in. will be provided on each flange 
to distribute the pull of the anchor bolts and to transfer the pressure on the 
ends of the base plate to the column flanges. Four f-in. rivets will be put in 
each stiffener angle. The sufficiency of these rivets may be checked easily and 
with safety by assuming that the w^hole of the moment on the column is to be 
absorbed by the attachments on the column flanges. Each group of 8 rivets 
has a single shearing value of 8 X 5300 = 42,400 lb., and as the two planes 
of rivet shear are 18 in. apart, the resisting moment of the riveting is 42,400 
X18 = 763,000 in.-lb. The total moment at the column base is only 720,000 
in.-lb. 

The 6 X 6 X f-in. angles on the web of the column are provided to attach 
the web securely to the base plate and to aid in distributing the load in the 
web (which under the assumed loading is small) to the base plate. 

Anchor Bolts .—^The value of the tension in the windward anchor bolt has 
been found to be T — 21,700 lb. 
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Area required = 21,700/18,000 = 1.21 sq. in. 

Area of l|-in. bolt at root of thread ^ 1.29 sq. in., which is adequate. 

Washers about 6X6 in., or other suitable anchors, should be used at the 
bottom of the bolt. The latter should be of such length as to engage a mass 
of concrete with a bounding area on its sides sufficient to give a safe diagonal 
tensile resistance equal to the pull in the anchor bolt. 

69. Column Bracket without Stiffeners. —Design a single angle column 
bracket without stiffeners to carry an I-beam reaction of 10,000 lb. The beam 
terminates | in. from the flange of the column, which is f in. thick. 

Rivets, I in. Permissible stresses on rivets: transverse shear, ps — 12,000 lb. 
per sq. in.; bearing, pb = 24,000 lb. per sq. in.; tension parallel to the rivet 
axis, pt = 7000 lb. pt'r sq. in. The latter is fixed at a very low value to allow 
for the combination of shearing and tensile stress which is considerably greater 
than the axial tensile stress, and also at the same time to allow for imperfections 
in the rivet heads. (See Art. 62 for example of combination of shearing and 
tensile stresses.) Permissible flexure on bracket angle, p/ == 16,000 lb. per sq. in. 

Number of rivets necessary solely to transmit the load in single shear = 
10,000/5300 = 1.9, say 2. By reason of the turning effect on the bracket, more 
will doubtless be necessary. 

Adopt as bracket material a 6 X 4 X ^-in. shelf angle with the 6-in. leg ver¬ 
tical. This will accommodate 
4 rivets, as shown in Fig. 36. 

Since the unstiffened out¬ 
standing leg tends to bend 
down easily under vertical 
loading, the beam reaction 
may be considered as applied 
very largely over that portion 
of the length of the leg marked 
CD. Let the distribution of 
load on it be taken as uniform. 
This length is determined by 
the position of the end of the 
beam and the intersection 
with the back of the 4-in. leg 
of a line tangent to the fillet 
curve and making an angle 
of 35 deg. with the vortical. As CD is about 0.85 in. long, the line of action of 
the force P is about 0.675 in. out from the face of the column. 

It is assumed that for this bearing length the vertical compressive stress 
in the web of the supported beam and the bearing stress on the beam flange, 
or on the bracket, are within safe limits. (See Art. 60 for a consideration of 
these stresses.) 

Turning will be assumed as tending to take place about a centre of compres¬ 
sion of the depth of the bracket up from the bottom. (See Engineering News^ 
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April 25, 1912, p. 786.) The neutral axis is thus = t of the bracket depth 
or f = 0.86 in. up from the bottom of the bracket. 

The total turning moment on the bracket is M = 10,000 X 0.675 = 6750 
in.-lb. 

Of this, the rivets in tension will, on the basis of the above assumption as 
to the position of the neutral axis, resist a moment of 


M' = 


M 


1 + 


2h^d 

21 


( 1 ) 


where h = dej)th of bracket, out to out, and d — vertical distance of each rivet 
from the neutral axis. See Ai)pendix II for the derivation of Eqs. (1) and (2). 

Since /? = 6 in., = 2(0.39 -f 3.39) = 7.56 in., and Xd^ = 2(0.392 + 3 . 392 ) 
=23.3 in. 2 Hence 


M' = 


6750 

^ 2 X 6 X 7.56 

21 X 23.3 


5690 in.-lb. 


Now, the tensile stress on any rivet, number ^‘n,” 
Eq. (3) of Art. 21 



is, from analogy with 
( 2 ) 


where dn = vertical distance to any particular rivet, number “/o” Since the 
most highly stressed rivets are 1 and 2, and since di ,2 = 3.39 in., and Sd2 
= 23.3, the maximum tensions are 


T, = T2 


5690 X 3.39 
23.3 


830 lb. 


The safe tension on a rivet shaft is 0.442 X 7000 = 3100 lb., and conse¬ 
quently the bracket is amply strong according to the approximate method of 
design adopted. A bracket with two rivets in it would be inadequate. 

Assuming that the vertical bearing pressure is uniformly distributed over 
the 5 -in. thickness of the vertical leg of the angle and on a length transverse to 
the beam axis of only 1 in.—^an amount depending on the size of the beam— 
the bearing area would be 0.5 sq. in. This, at 24,000 lb. per sq. in. would develop 
a resistance of 12,000 lb., or more than the applied load. 

Bending of the angle at the neutral axis NA due to the compression at the 
toe should be investigated. 

Total compression = total tension in the rivets 1, 2, 3, 4. This is 2(830+95) 
= 1850 lb. This acts at 0.86 X f = 0.57 in. from NA, and the moment there is 
consequently 1850 X 0.57 = 1055 in.-lb. 

Required section modulus = 1055/16,000 = 0.066 in.* Section modulus 
provided, if bracket is 5^ in. long, is ^ X 5.5 X (0.5)2 = 0.229 in.® 
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Maximum bearing pressure at toe of angle. 


fc — 


1850 

I X 0.86 X 5.5 


782 lb. per sq. in. 


60. Welded Column Bracket without Stiffeners. —A 12-in., 32-lb. W.F. 
section delivers a reaction of 12,000 lb. to a single shelf angle, without stiffeners, 
welded by two vertical |-in. fillets to the face of a column, as shown in Fig. 37. 
A clearance of f in. exists between the end of the beam and the face of the 
column. Design the bracket. 

Permissible stress on fillet welds not over 6 in. long subjected to parallel 
(longitudinal) shear per lineal inch is pa == 500 5, where b = short side of the 
fillet triangle expressed in sixteenths of an inch. To compensate for craters, 
consider the effective length of each fillet weld as ^ in. less than the actual length. 
Permissible stress in bearing of beam on bracket, ph = 24,000 lb. per sq. in. 

Assume that bearing of shelf angle against the face of the column near the 


% ^ 



Fig. 37.—Welded Column Bracket without Stiffeners. 


toe is imperfect, so that the welds must transfer all the moment as well as the 
shear. 

If it be assumed that the vortical leg of the shelf angle is not over 0 in., the 
permissible shear on J-in. fillet welds will be 500 X 6 == 3000 lb. per lin. in. 

Considering the effect of shear only, the required length of fillet on each end 
of the shelf = 12,000/2 X 3000 = 2.00 in. Since the depth will need to be 
increased substantially to allow for the added effect of the moment, the angle 
will be assumed as 4 X 3 X A in., with the 4-in. leg vertical. 

Bearing Stress .—The sufficiency of this angle for bearing of the beam upon it 
should first be investigated. While part of the reaction is transferred to the 
angle outside the fillet, it is probable that most of it, because of flexure in the 
angle, is applied on a very short zone. Let it be assumed, as has been done in 
Art. 59, that the load is delivered uniformly along a zone reaching from the end 
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of the beam to the point where a tangent to the angle fillet making an angle 
of 35 deg. with the vertical cuts the back of the outstanding leg. 

Now, the distance of tliis intersection from the back of the angle is approxi¬ 
mately equal to 

c = 1.7 ^ -f 0.5 r (1) 


in which t = thickness of angle and r = radius of the fillet. Since < = in. 
by assumption and r = f in., c = 0.93 in. 

As the end of the beam is f in. from the face of the column, the length of the 
bearing zone, parallel to the length of the beam, is 

= c - 0.38 = 0.93 - 0.38 = 0.55 in. 


At right angles to the length of an I-beam, the width of zone in which the 
bearing may be considered as approximately uniform may be found with suflBi- 
cient exactness for a beam with circular or parabolic fillets from the expression 

22 = 1.4 k (2) 

in which k = vertical distance between the junction of the beam fillet with the 
beam web and the under side of the beam flange. For the 12-in., 32-lb. W.F., 
k = 0.88, and hence Z 2 = 1.23 in. 

The bearing stress under the beam flange is then 


JL = 12,000 

2i22 ^ 0.55 X 1.23 


17,700 lb. per sq. in. 


This is much below the permissible bearing stress of 24,000 lb. per sq. in. 

It has been assumed in the present problem that the vertical compressive 
stress in the beam web arising from the short bearing length Zi is not excessive. 
Unless beams with thick webs, or webs reinforced for compression, are used, the 
safe reaction of beams resting on brackets without stiffness is comparatively 
small. Compressive stresses in beam webs are investigated in the chapter on 
beams. 

Stress from Shear .—If the vertical fillet welds be each made the full depth 

of the 4-in. leg of the angle, the effective length d of each fillet will be 3^ in., and 

the stress in shear is 

^ P 12,000 . 

f» = —: =-= 1715 lb. per lin. in. 

2 d 2 X 3.5 


Stress from Moment .—In order to find the moment, the line of action of the 
12,000-lb. load must be determined. As the length of the bearing zone is 
zi — 0.55 in., the eccentricity of the reaction with respect to the face of the 
column is 

€ = 0.375 + (I X 0.55) = 0.65 in. 

The moment is then 


M = 12,000 X 0.65 = 7800 in.-lb. 
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Now the stress per square inch on the welds due to moment is 



in which S = the section modulus of the two welds. If the width of fillet on a 
short side is a, expressed in inches, the stress per lineal inch due to moment is 


fm — 


Ma 


Ma 


S 2 Xiad^ 


3M 

d'^ 


3 X 7800 
( 3 . 5)2 


= 1910 lb. 


(3) 


Combined Stress .—The combined, or resultant, stress due to shear and mo¬ 
ment is 

/r= 

= (17152 + 19102)^ = 2560 lb. per lin. in. 

This is within the safe limit. An angle with a 3|-in. vertical leg would not give 
sufficient effective length of fillet. 

Investigation of the strength of the 8-in. length of shelf angle acting as a 
beam shows that it is amply strong. 

61. Simple Column Bracket with Stiffeners.—Design a simple column 
bracket with two stiffener angles to carry a load of 40,000 lb. applied at 2\ in. 

from the face of the column, 
as shown in Fig. 38. Let the 
thickness of the column ma¬ 
terial be I in. 

Rivets, \ in. Permissible 
stresses on rivets: transv^erse 
shear, p^ = 10,000 lb. per sq. 
in.; bearing, ph = 20,000 lb. 
per sq. in.; tension parallel 
to the rivet axis, pt = 60(K) lb. 
per sq. in. Neglect the com¬ 
bination of shearing and ten¬ 
sile stresses on the rivets. (See 
Art. 62 for example of com¬ 
bination of stresses.) 

Adopt as bracket material 
a 6 X 4 X ^-in. shelf angle 
and two 3 X 3 X A-in. stiffener angles with a |-in. filler underneath. 

Number of rivets necessary solely to transmit the load in single shear = 
40,000/4420 = 10, counting to the nearest even number. Assume a spacing 
of rivets as indicated, giving a total depth of bracket of 13.5 in. 
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As in the case of the bracket of Art. 59, assume the neutral axis as at -f of 
the total depth of the bracket up from the bottom, or 13.5/7 = 1.93 in. 

The total turning moment on the bracket is M = 40,000 X 2.25 = 90,000 
in.-lb. 


The rivets in tension will, according to Eq. (1) of Art. 59, h being 13.5 in. 
Sd being 2 (1.82 + 4.32 + 6.82 + 9.32) = 44.56 in., and being 2 (1.822+ 
4.322 -j- 6.822 9.322) = 310.7 in.2, resist a moment of 


M' = 


90,000 


1 + 


2 X 13.5 X 44.5 6 
21 X 310.7 


: = 75,900 in.-lb. 


According to Eq. (2) of Art. 59 


T, == T2 


75,900 X 9.32 
310.7 


= 2280 lb. 


Safe tension on a rivet is 0.442 X 6000 = 2652 lb., or more than the exist¬ 
ing temsion on the extreme rivets. 

The low permissible tensile stress of 6000 lb. per sq. in. is chosen to allow for 
the combination of shearing and tensile stress, which is not made in this example. 
See Art. 62 for the effect of the combination. Conservative tensile stresses are 
also necessary because of the uncertainty concerning the value of the rivet 
heads. 

62. Effect of Combined Shear and Tension on Bracket Rivets.—In the 

problem of Art. 61 let it be assumed that the maximum i)ermissible tensile stress 
on a rivet shaft due to the combination of shearing and tensile stress is pt= 
13,000 lb. per sq. in. Find the safe capacity of the bracket. 


For the 40,000-lb. load the existing transverse shearing stress on the rivets 
is ft = 40,000/10 X 0.442 = 9040 lb. per sq. in. The existing axial tensile 
force on rivets 1 and 2 has been found to be 2280 lb., and the tensile stress is 
ft = 2280/0.442 = 5150 lb. per sq. in. 

Now the maximum tensile stress due to the combination of shearing and 
tensile stresses is, from Eq. (24) of Art. 72, 

/.nmx = + 

= 4 X 5150 + (9040^ + I X 5150^)^ = 11,960 lb. per sq. in. 

As the limiting safe stress is 13,000 lb. per sq. in., the bracket is underloaded. 
Its safe capacity would be 40,000 X 13,000/11,960 = 43,500 lb. 

The increase of shearing stress due to the combination with it of tensile 
stress is relatively very much smaller than the increase of tensile stress due to 
the combination with it of shearing stress, and hence it has not been necessary 
to consider the former case. 

63. Crane Runway Column Bracket. —Design a crane runway column 
bracket for a beam reaction of 24,000 lb. applied 9 in. from the face of the 
column, as shown in Fig. 39. Column material | in. thick. 
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Rivets, f in. diameter. Permissible stresses on rivets; p, « 10,000, Pb^ 
20,000 and pt = 6000 lb. per sq. in. Assume that the applied load does not 
bear directly on the upper edge of the web plate and that the vertical edge of the 
plate does not bear against the side of the column. 

Bracket Material. —^To ensure lateral stiffness and to give reasonable bearing 
values for rivets through it, assume the web plate as f in. The size of this 
plate will be determined by the necessary length of the horizontal seat angles 
to accommodate the beam and the depth of the vertical angles required to give 
an adequate number of rivets for connection to the column. The seat angles 
will be 6 X X t in., with 6-iii. legs vertical, so as to provide space for the 
necessary number of rivets through the web plate. For the vertical connection 
angles, use two 4 X 32 X |-in. angles, with 4-in. legs against the column to 
suit the material of the column flange. If the ratio of the length of the unsup¬ 
ported outer edge of the web 
plate to its thickness is over 
35, for a bracket of this type, 
stiffener angles should be 
used. 

Riveting of Seat Angles .— 
Negleciting the bearing of the 
load on the horizontal upper 
edge of the web plate, enough 
rivets must be put through 
the seat angles to transfer 
24,000 lb. to the |-in. web. 
Since the safe resistance 
of a rivet (bearing value) 
= 0.75 X 0.375 X 20,000 
= 5630 lb., this necessitates 
24,000/5630 = 4.3 rivets. 
Put 6 rivets through the seat 
angles, 4 of them outside the 
vertical connection angles. 
Part of the load will be trans¬ 
ferred by the seat angles to 
the vertical angles through 
bearing of the seat angles on 
them and by the two rivets 
directly connecting the seat 
angles to the vertical angles. 
The spacing of the rivets in the seat angles, and the length of the latter, are 
shown in Fig. 39. 

Riveting of Vertical Angles to Web Plate. —^Assume 8 rivets through the ver¬ 
tical angles and the web plate, as shown in Fig. 39. This line of rivets must 
resist 24,000 lb. applied parallel to it and at a distance of 7 in., as shown in 


-9" -> 


4s 





BR/ICKET MATERIAL 
“^Seot 

2S//f/e/7erls 
2Conn. If, 

ZFillers, 3m\lL4f 

Fig. 39. —Crane Runway Column Bracket. 
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Fig. 40(a), that is a direct force of 24,000 lb. and a moment of 24,000 X 7 — 
168,000 in.-lb. 

Direct force Dn on any rivet, number =24,000/8 = 3000 lb. 

Turning force on extreme rivet 1 (or 8), distant di from the centre of gravity 
G of the group, from Eq. (2) of Art. 59, is 


Mdi ^ 168,000 X 9.75 

” 2 ( 1.52 + 4.52 -f 7.52 + 9.752) 


4720 lb. 


Combining the vertical force of 3000 lb. with the horizontal force of 4720 lb., 
the resultant force of rivet 1 (or on 8) is found to be {(3000)2 + (4720)2}^ 
= 5600 lb. As the safe stress in a rivet in this situation is 5630 lb., the extreme 
rivets are safe and eight rivets are sufficient. 



Fig. 40. —Turning Forces on Rivets. 


Riveting of Vertical Angles to Column .—The rivets connecting the bracket 
to the column must, first, resist a vertical downward shear of 24,000 lb. If 
seven pairs of rivets are assumed, staggering with the rivets through the web 
plate, the direct shearing stress on each rivet is 24,000/14 = 1715 lb. Since the 
safe resistance of a rivet in thLs situation is its single shearing value, or 
0.442 X 10,000 = 4420 lb., the 14 rivets are adequate for the shearing effect. 

The total turning moment on the bracket is 24,000 X 9 = 216,000 in.-lb. 

As in the case of the bracket of Art. 59, assume the neutral axis as at -f 
the total depth of the bracket up from the bottom, that is, ^ = 3.29 in. 

The rivets in tension will, applying Eq. (1) of Art. 59, h being 23 in., Sd 
being 2(1.714 + 4.714 + 7.714 + 10.714 + 13.714 + 16.339) = 109.818, and 
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being 2(1.7142 + 4.7142 + 7.7142 + 10.7142 + 13.7142 + 1G.3392) = 1310.3, 
resist a moment of 2^0 qqq 


1 + 


2 X 23 X 109.818 


- 182,500 in.-ll). 


21 X 1310.3 

Applying Eq. ( 2 ) of Art. 59, the tension on each of the iii)per pair of rivets 
marked “ 9 ” will be ^ ^ 182,500 X 16.339 ^ ^370 ib 
' 1310.3 

As the safe tensile force on one rivet is 0.442 X 0000 = 2052 lb., the 14 rivets 
are adequate. 

Stiffener Angles .—Length of unsupported outer edge of web plate — 19 in., 
approximately. Ratio of unsupported length to thickness = 19/0.375 = 51. 

Hence, stiffeners are nc‘cessary as this exceeds 35. Use 
two angles, 2| X 2 X A-in., with 3 rivets, as shown in 
Fig. 39. 

64. Design of Coliunn Cap with Flush Back. —A 

5 -in. 18.9-lb. Carnegie H-column used in a wall is to 
support the end of an 18-in., 54.7-lb. I delivering a load 
of 35,000 lb. to the top of the column with the w^eb of 
the beam directly over and parallel to the web of the col¬ 
umn, as showm in Fig. 41. The end of the beam is not 
to project more than ^ in. past the outer flange of the 
column. Design a column cap. 

Rivets, 4 in. Permissible shear on shop rivets, Ps = 12,000 lb. per sq. in. 
Permissible bearing, pi, = 24,000 lb. per sep in. 



*5^ f* Carnegie H 

Fio. 41 .—Column Cap 
with Flush Back. 


A very simple and economical cap, based on the standards of the Dominion 
Bridge Co., Ltd., consists of two angles arranged as shown in Fig. 41. For a 
gauge of 3 in. in the flanges of the column, the grip is I in. If the thickness of 
the angles be assumed as f in., the riv(*ts will be in single slujar and in bearing 
on f-in. metal. The safe resistance is the single shearing value, or 0.442 X 12,000 
= 5300 lb. 

Number of rivets required to connect cap angles to column flanges = 
35,000/5300 = 7. 

The least practicable numbcT is 8 , and they will be arranged as shown in 
Fig. 41. 

As in the case of the bracket of Art. 59, the tension on the shafts of any 
rivets in either one of the cap angles is much less than the safe teiisik' strength 
of a rivet shaft computed by a rei)resentative specification, as for examj)l<% 
Pt = 8000 lb. per sq. in. 

Four field rivets or bolts will be used through the flange of the su]:)ported 
beam into the cap angles. 

66. Design of Symmetrical Cap for Double Beam Girders. —An 8 -in.. 

35-lb. W.F.-column carries the ends of two girders each consisting of two 18-in., 
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54.7-lb. I-beams, the girder webs being parallel to the column web and 9 in. 
centre to centre, as shown in Fig. 42. The reaction from each girder is 60,000 lb. 
Design a cap for the column. 

Rivets, f in. = 12,000 lb. per sq. in. == 24,000 lb. per sq. in. 


As the girder flanges bear on the column section only on the outer 2^ in. 
of each column flange, and an unstiffened cap plate alone could not distribute 
the girder reactions effectively over the column area, a pair of side plates will 
be employed on the flanges to transfer most of the load thereto. 

The required thickness of the side s 

plates may be taken as such that the i? 

bearing value of each beam flange on 
the column flange and on the side plate 
equals the beam reaction. This is too 
severe by the amount that the vertical 
leg of the side angle involved can trans¬ 
fer load to the side plate. 

Required bearing area for one beam 
= 30,000/24,000 = 1.25 sq. in. 

To increase the effective bearing 
width of each beam flange, a ^-in. cap 
plate is used and this at the same time 
ties the side plates together from side 
to side of the column. U k = vertical 
distance between the junction of the beam fillet with the web and the underside 
of the cap plate, and t = web thickness, the effective bearing width of a stan¬ 
dard beam flange is approximately 



6'= 1.4 A:+ 0.5^ (1) 

For an 18-in., 54.7-lb. I bearing on a J-in. cap plate, 6' under the cap plate 
is 1.4 X 1.875 + 0.46/2 = 2.86 in. This zone 6' overlaps the flange by 0.93 in., 
and as the thickness of the latter near the end is about | in., the flange affords 
0.93 X 0.5 = 0.47 sq. in. of bearing area. The remainder, or 1.25 — 0.47 
= 0.87 sq. in., must be supplied by the side plate. As the bearing zone is 2.86 in. 
long, the i)late thickness must be at least 0.87/2.86 = 0.30 in. Since in. 
is usually the minimum thickness employed in such details, this will be used. 

Side Plate Attachment .—The riveting of a side plate to the column flange 
will be made sufficient to transmit a girder reaction thereto less the amount 
taken in direct bearing on the column flange, that is for 60,000 — 2 X 0.93 
X0.5 X 24,000 = 37,700 lb. The safe resistance of a f-in. rivet in this situa¬ 
tion is its single shearing value, or 5300 lb., and hence 37,700/5300 = 7.1 
rivets are needed. Eight is the nearest practicable number. The size of the 
plate will be 12 X 15 in. 

Side angles, 3^ X 3| X in., are employed to attach the cap plate and 
girders to the column and to assist to some extent in the transfer of the load to 
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the column shaft. Rivets in the outer ends of the angles are needed to secure 
them to the side plates, as shown in Fig. 42. 

66. Pin Connection for Compression Member. —A compression member 
consists of two 12-in., 25-lb., channels 11 in. back to back, with flanges turned 
in, as shown in Fig. 43. It bears on a 4j-in. pin through the webs. According 
to the governing specification it is to be connected for an axial stress equal to 

the gross sectional area in square inches multiplied by 
12,500 lb. per sq. in. Design the end connection. 

Rivets, I in. Permissible shearing stress on pins and 
shop rivets, p, = 12,000 lb. per scp in. Permissible bear¬ 
ing stress on pins and shop rivets, p6 = 24,000 lb. per sq. in. 

It will be assumed that the 4|-in. pin is itself 
adequate. 

As the gross area of the member is 2 X 7.32 = 14.64 
sq. in., the connection must be designed for a load of 
14.64 X 12,500 = 183,000 lb. Each channel must, there¬ 
fore, transmit 91,500 lb. 

The bearing thickness on the pin required for 
each channel = 91,500/4.5 X 24,000 = 0.85 in. As 
the web is 0.39 in. thick, a pin plate 0.85 — 0.39 
= 0.46 in., or say I bi- thick, is required on the channel web. This plate will 
be made 10 in. wide, the maximum practicable width for a plate on the inside 
of the web, where it is best to place such reinforcement. 

The stress taken from the pin by this plate is in proportion to its thickness, 
0.5 in. As the web is 0.39 in. thick, the pin plate will take 91,500 X 0.50/0.89 = 
51,400 lb. 

Rivets connecting this plate to the web have as their least resistance their 
single shear value, or 7220 lb. Hence 51,400/7220 = 8 rivets are needed for 
each channel. 

As the force applied by the pin is resisted 
below it, these rivets are located on this side of 
the pin. Four rivets are used back of, or above, 
the pin merely to bind the plates together. 

The member may be cut off at a distance 
back of the pin equal to one-half the maximum 
width of the member, or 6 in. The length 
of the pin plate depends on the pitch of the rivets. 

67. Design of Bearing Splice for Dissimilar 
Columns.— -An upper section of a column, consist¬ 
ing of a 6-in., 25.0-lb. Carnegie H rests centrically 
on a lower section consisting of an 8-in., 32.6-lb. 

Carnegie H, as in shown Fig. 44. The axial load in the upper section of the 
column is 60,000 lb., and there is no bending moment. Design a splice. 

Rivets, I in. For shop rivets, ps = 12,000 and pb = 24,000 lb. per sq. in. 
For field rivets, p, = 10,000 and pb = 20,000 lb. per sq. in. 



Fig. 44 .—Bearing Splice for Dia- 
sitnilar Columns. 


I 



nection. 
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As the flanges of the upper section do not coincide with the flanges of the 
lower section, a heavy cap plate, say f in., is desirable to distribute the load as 
much as possible over the lower section. 

Direct bearing of the upper section on the lower occurs over the full width 
of the web and for a length thereof of about 6 + 2 X 0.7 X where t = thick¬ 
ness of the cap plate, that is 0.75 in. 

This length is 7.05 in., and the bearing area on the web of the 8-in. H is 
7.05 X 0.313 = 2.21 sq. in. At pb = 24,000 lb. per sq. in. this would transmit 
safely a pressure of 2.21 X 24,000 = 53,000 lb., leaving only 60,000 — 53,000 
= 7000 lb. to be transmitted otheiwise to the lower section. 

It is not desirable to allow such a large proportion of the total column load 
to be transmitted to the lower section through the web. Two fillers (one | in. 
and the other in., to allow for build-up) will be placed on each flange, with 
their lower ends bearing on the cap plate. If 4 shop rivets be placed through 
them into each flange, the fillers will transmit bearing pressure to the limit of 
strength of the rivets, or 8 X 5300 = 42,400 lb. The web would thus need to 
transmit in direct bearing only 60,000 — 42,400 = 17,600 lb. The strength 
is, therefore, ample, not counting the uncertain element of beam action in the 
cap plate for distributing load from the flanges of the upper section to those 
of the lower one. 

Splice plates on the flanges will be provided, | in. thick, to keep the columns 
rigidly in line. Four field rivets through each flange of the lower section are 
shown in Fig. 44. 

Two angles, 6 X 3^ X in. are used to shop rivet the cap plate to the 
upper section of the column. 

68. Design of Shear and Moment Splice for Similar Columns.—Above a 
column splice the section consists of a 12-in., 72-lb. W.F. and below the splice 
of a 12-in., 92-lb. W.F., their inside profiles coinciding. At the splice there 
exists a transverse shear of 10,000 lb. and a bending moment of 65,000 ft.-lb. 
in the plane of the column web. Design a splice for shear and moment, assum¬ 
ing that the centric axial load is transferred completely by end bearing of the 
upper section on the lower. 

Rivets, I in. For shop rivets, p, = 12,000 and pb = 24,000 lb. per sq. in. 
For field rivets, Ps = 10,000 and pb = 20,000 lb. per sq. in. Permissible shear 
and tension on plates, Ps — 10,000 lb. per sq. in. of gross area, and pt = 16,000 lb. 
per sq. in. of net area, respectively. 

If the shear is r(*sisted wholly by the two splice plates on the web, Fig. 45, 
their required gross area is 10,000/10,000 = 1.0 sq. in. Two i^-in. plates, 7^ in. 
long in a direction transverse to the column are indicated in Fig. 45, the area 
being 2 X 7.5 X 0.3125 = 4.69 sq. in. 

Two |-in. field rivets on each side of the splice have a bearing value on the 
0.43-in. web of the upper section of 2 X 0.75 X 0.43 X 20,000 = 12,900 lb., 
or more than the total transverse shear. 

Assume that the bending is resisted entirely by the flange splice plates. If 
the centre to centre distance apart of the plates on the opposite flanges is ten- 
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tatively assumed as 12.5 in., the stress in each plate is M/12.5 = 65,000 X 
12/12.5 = 62,4001b. 

Net area required in one plate = 62,400/16,000 = 3.90 sq. in. 

A 12 X i^“in. plate will give, allowing for 2 holes out (see Fig. 1 ( 6 )) a net 
area of 12 X 0.4375 - 2 X 0.875 X 0.4375 = 4.48 sq. in. 

As symmetrical riveting of the splice 
plates above and below the splice is desir¬ 
able, the strength of the riveting will be based 
on the field rivets below the splice. In 
each plate 62,400/4420 = 14 field rivets are 
required. Fourteen are shown, and the same 
number of shop rivets is shown above the 
splice. 

The difference in actual depths of the col¬ 
umn sections is 12 | — 12l = I in. Hence for 
proper clearance in erection, each filler should 

be 2 X i + tV = 4 

69. Design of Latticing for Column with 
Centric Axial Load.—A latticed column com¬ 
posed of two 12 -in., 35 - 11 ). channels with 
flanges turned out, as shown in Fig. 46, carries a centric axial load of 265,000 lb. 
The channels are 8 ^ in. apart back to back. Proportion the lattice bars, using ( 1 ) 
single latticing at an angle of 60 deg. with the axis of the member, and ( 2 ) double 
latticing at 45 deg. with axis. The latticing must resist a maximum transverse 
shear of 3% of the axial load in the member, consich red as equally divided 
amongst the bars cut by any right sectional plane. 

Rivets, I in. Minimum width of lattice bars, 

2 | in. Minimum thickness of bars tV of dis¬ 
tance between end rivets for single latticing, and 
•ffV of this distance for double latticing, but in no 
case less than in. pr = 15,000 — 50 /, r lb. 
per sq. in. pt = 16,000 lb. per sq. in. 

Maximum transverse shear = 0.03 X 265,000 
= 7950 lb. 

Single Latticing ,—As two bars are cut by any 
right section plane m — n^ Fig. 46(a), as the 
length of a bar between end connections is 14.44 
in., and the distance between gauge lines in the 
channel flanges is 12.5 in., the stress in a bar is 



Fig. 46.—Design of Column 
Latticing. 



Fig. 45. —Shear and Moment Splice 
for Similar Columns. 


7950 X 14.44 
2 X 12.5 


± 4590 lb. 


Required area in tension 

A = 4590/16,000 = 0.29 sq. in. 
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The minimum width of bar is 2| in. and the minimum thickness allowable 
is 14.44/40 X 0.361, or say f in. A 2| X |-in. bar gives a net area of (2.5 
— 0.875) X 0.375 = 0.61 sq. in., or over twice that required. 

The compression bar will be assumed, by reason of a certain unknown 
fixity at its ends, as having an effective length of J the length centre to centre of 
rivets, or 0.75 X 14.44 = 10.83 in. Assuming a bar f in. thick, and considering 
buckling in the direction of the bar thickness 


r = 0.288 1 = 0.288 X 0.375 = 0.108 in. 

Hence 

Pc = 15,000 - 50 X 1083/0.108 = 9980 lb. per sq. in. 

Required compression area 

A = 4590/9980 = 0.46 sq. in. 

For compressive stress the area provided is 2.5 X 0.375 = 0.94 sq. in., or 
much more than required. 

Double Latticing .—Four bars are cut by any section plane m — w. Fig. 46(6). 
The distance between gauge lines is 12.5 in. and the distance between end rivets 
in a bar is 17.68 in. Hence stress in a bar is 


AzF 

Required tension area 


7950 X 17.68 
4 X 12.5 


db 2810 lb. 


A = 2810/16,000 = 0.18 sq. in. 


The minimum thickness of bar allowed is 17.68/60 = 0.29 in., or ^ in. 
A 2| X ^-in. bar gives a net area of (2.5 — 0.875) X 0.3125 = 0.51 sq. in. 

The effective length of a compression bar will, by reason of the partial 
fixity at the ends and a certain measure of support at the centre from the inter¬ 
secting tension bar, W assumed as being | the length centre to centre of end 
rivets, or 0.5 X 17.68 = 8.84 in. Assuming a ^-in. bar, r = 0.288 X 0.3125 
= 0.09 in. Hence, 

p, = 15,000 ~ 50 X 8.84/0.09 = 10,100 lb. per sq. in. 

Required compressive area 

A = 2810/10,100 = 0.28 sq. in. 

The area provided by a 2^ X -i^-in. bar is 2.5 X 0.3125 = 0.78 sq. in. 

Computation of the weight of the latticing i)er foot of column will show that 
double latticing. Fig. 46(6) is considerably heavier than single latticing for the 
same duty. Double latticing is generally used only where the distance between 
gauge lines in opposite flanges is at least 15 in. 

70. Single Latticing for Eccentrically Loaded Column. —Recommend a 
system of 60-deg. single latticing for the 4-angle column designed in Art. 48 and 
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loaded as shown in Fig. 27. The latticing is to resist both a transverse end 
shear of 3 % of the total axial load and the shear incident to the moment of 
eccentricity. 

Rivets, f in. Minimum width of lattice bars, in. Minimum thickness 
of bars of distance between end rivets, but in no case less than - 3 ^ in. 
Pc = 15,000 — 50 Z/r, and p< = 16,000 lb. per sq. in. 

End shear for which latticing would be designed if there were no eccen¬ 
tricity = 0.03 X 72,000 = 2160 lb. 

Moment of eccentricity due to the resultant being 1.19 in. off centre (see 
Art. 48) is Af = 72,000 X 1.19 = 85,700 in.-lb. End shear due to a moment 
of eccentricity of an axial loading = Af/0.5Z, where I — length of column. It 
is, therefore, 85,700/75 = 1145 lb. 

Total end shear = 2160 + 1145 = 3305 lb. 

Distance between gauge lines in flange angles = 7 in. and length of bar 
between end connections = 8.08 in. 

Stress in a lattice bar, there being only one plane of latticing, is 

db P = 3305 X 8.09/7 = 3820 lb. 

Required area in tension = 3820/16,000 = 0.24 sq. in. 

As the minimum thickness of bar, according to the rule respecting the ratio 
of thickness to length, is 8.09/60 = 0.135 in., the limit of ^ in. will apply. 
For a 2^ X in. bar the net area is (2.5 — 0.875) X 0.3125 = 0.51 sq. in., 
or more than recpiired. 

For compression, the effective length will be assumed as 0.75 X 8.09 = 6.07 
in. Assuming a thickness of ^ in., r = 0.288 X 0.3125 = 0.09 in. Hence 
Vc = 15,000 - 50 X 6.07/0.09 = 11,630 lb. per sq. in. 

Required compression area, A = 3820/11,630 = 0.33 sq. in. 

Provided gross area of bar = 2.5 X 0.3125 = 0.78 sq. in., or much more 
than required. 

71. Exercise Problems on Compression Member Details. —The following 
exercise problems arc based on the principles employed in the solution of the 
problems in this chapter. See Appendix I for the answers. 

(1) A compression member in a truss is 9 ft. 2 in. long centre to centre of end 
connections and is composed of two angles 3^ X 3 X h in. with the two 3^-in. legs 
adjacent and f in. apart. Assuming the permissible stress in pounds per square inch 
to be Pc = 16,000 — 70 Z/r, find the number of J-in. rivets required for an end con¬ 
nection of sufficient strength to develop the full capacity of the member, the con¬ 
nection to be made to a f-in. gusset plate, p, = 11,000 lb. per sq. in. pb = 22,000 
lb. per sq. in. 

(2) Find the maximum tension in the rivets of a 6 X 4 X |-in. bracket angle 
attached by the 6-in. leg to a column and containing four rivets on gauge lines 2i 
and 4f in. from the back of the outstanding leg. The load on the bracket is 13,600 
lb. and it is applied Ij in. from the face of the column. Assume turning to be 
about a point tjV of the depth of the bracket up from the toe. 
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(3) A column bracket is to consist of a 6 X 4 X ^-in. shelf angle connected to 
a §-in. column flange by four J-in. rivets in the ,6-in. leg driven in two rows on gauges 
of 2 in. and 2^ in. Find the maximum safe reaction applied at 1 in. from the face 
of the column, assuming the turning to be about the toe of the angle. Allowable 
shearing, bearing and tensile stresses on rivets = 10,000, 20,000 and 6000 lb. per 
sq. in., respectively. 

(4) A column bracket consists of a single shelf angle, 6 X 4 X | in. with the 
4-in. leg outstanding. The 6-in. leg is connected to the column by two horizontal 
lines of rivets 2l and 4§ in., respectively, from the back of the outstanding leg of the 
shelf angle, each line containing two f-in. rivets. A load of 18,000 lb. is applied 
at 1 in. from the back of the shelf angle. Find the greatest existing tension on a 
rivet, and state whether this tension is safe. Assume turning to be about the toe 
of the angle, pt = 6000 lb. per sq. in. 

(5) In the case of the bracket of Exercise Problem 2, compute the maximum 
tensile stress on one of the upper rivets due to the combination of axial tension and 
shear. Rivets, I in. 

( 6 ) In a 20-ft. panel of a bridge truss the top chord consists of two 10-in., 20-lb. 
channels, 65 in. back to back, with the flanges turned out and a 12 X cover 
plate. Single latticing at 60 deg. with the axis of the member is to be used on the 
bottom flange. Design the latticing. Rivets, I in. pc for chord = 11,000 lb. per 
sq. in. Lattice bars must not be smaller than 2J X J in., and the thickness must 
not be less than ‘A of the distance centre to centre of end connections, pc for 
lattice bars = 16,000 — 70 Z/r, I being J the distance centre to centre of end connec¬ 
tions. pt for bars = 16,000 lb. per sq. in. Latticing is to be designed for one-half 
the transverse shear which is to be taken as P//8000 Xct where P = capacity of 
chord, I = length of chord segment in inches, and Xe = distance from vertical gravity 
axis to extreme fibre. 
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72. Fundamental Formulae for Beams. —The following formulae are 
applicable to the design of steel beams. 

Bending moment for simply supported and restrained beams 




m 

C 


wl'^ 

'c 


( 1 ) 


See page 76 for values of C for various conditions. 

Equation of three moments for beam containing an infinite series of equal, 
uniformly loaded spans 

7«/2 

+ A/:, = - — (2) 

2 

For strength in symmetrical bending 


y Ve I 

Mile M 

//=/. = --=- 

M = Mr = — = Spf 

Ve 

w = 


Pf 

My, 

r^Pf 


(3) 

(3a) 

(4) 


(3) 


( 6 ) 

(7) 


For strength in unsymmctrical bending, that is in flexure not operating in 
the plane of one of the principal axes 


For shearing strength 


/« 


M 

S' 


S' = 


hly 

lyy sin ^ + IxX cos 0 



( 8 ) 

(9) 

(10) 
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A xff dt — ”” 

For diagonal compressive strength of web 

V 

Av) = dt = — 

Pdc 

For vertical compressive strength of web 

f ^ L 

{a^jd)t 

P 

t =- 

(« -f- jd)pvc 

Deflection of beams of uniform section 

A = A — = A — 

El El 

1 

E 2ye 

Deflection of beams of variable section 

A = — S — m-ox 

E 1 

Shift of neutral axis of a section resulting from perforation 


Net moment of inertia of perforated section 

In ^ Ig Ib 

Ap])roximate uncorrected net moment of inertia of perforated section 

In' =^Ig-Ib 

Correction factor to be applied to In' 


Maximum combined stresses at a selected point. 

/nm« = !//+(/,*+ J//)^ 
/.max. = (/.= +t//^^ 
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The significance of the symbols employed in the above formulae, and else¬ 
where in this chapter, is as follows: 

A = effective area required for the moment M; 

An — net area of a section; 

Auf = eft = area of the web of a beam; 
o = bearing length of concentrated load on beam; length of a support, 
parallel to beam axis; 
b = breadth of beam flange; 

C = numerical coefficient in the general formula for bending moment in a 
beam. For simply supported l>eams its values are: With a single 
concentrated load at the centre, 4; with equal concentrated loads at 
the tliird-points, 6; with unifonnly distributed load, 8. For beams 
restrained at one end and simply supported at the other, carrying a 
uniformly distributed load: At the restrained end, 8; at the point of 
maximum positive moment 128/9. For beams restrained at both 
ends uniformly loaded: At the restrained ends, 12; at the centre, 24. 
c = clear distance between opposite fillets of a beam or channel; 

A = maximum deflection of a beam; 
d = out to out depth of a beam; 
dx = length of any short segment of a beam; 

E = modulus of elasticity of the material; 

F = correction factor to be applied to the approximate net moment of 
inertia In to compensate for the error in neglecting the shift of the 
neutral axis; 

/ = fibre stress, due to flexure, at a point distant y from the neutral axis 
of a beam; 

fe = fibre stress, due to flexure, at an extreme fibre, distant 2/e from the 
neutral axis of a beam; 
faa = existing average shearing stress; 
fdc = existing diagonal compressive stress in a beam web; 

// = in general, existing stress in flexure as distinguished from stress in com¬ 
pression or tension: 

/n max. = maximum normal stress existing on any plane at a selected point ; 
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fg s existing shearing stress; 

fe max = maximum shearing stress existing dn any plane at a selected point; 

fvc = existing vertical compressive stress in a beam web; 

I = moment of inertia of the cross section about its gravity axis normal to 
the plane of bending; 

Ig = moment of inertia of a gross section about its own gravity axis; 

/a = moment of inertia of the holes in a section about the gravity axis of 
the gross section; 

In = moment of inertia of a net section about the gravity axis of the net 
section; 

In = approximate uncorrected net moment of inertia of a perforated sec¬ 
tion, assuming that the neutral axis is at the centre of gravity of the 
gross section; 

Ix == moment of inertia of the cross section about the rc-axis; 

ly = moment of inertia of the cross section about the 2 /-axis; 

j = fraction of beam depth to be added to length of concentrated load in 
computing fvc] 

K = numerical coefficient in the general formula for deflection of a beam. 
For simply supported beams its values are: With single concentrated 
load at the centre, tj; with equal concentrated loads at the third 
points, 23/1296; with uniformly distributed load 6/384; with load 
increasing uniformly to centre, igV* For beams restrained at one 
end and simply supported at the other, carrying a uniformly dis¬ 
tributed load, 1/185. For beams wholly restrained at both ends and 
uniformly loaded, 1/384. For beams with uniform loading, with end 
moment 1/40 wl'^ and centre moment 1/10 wPj 3.8/384. For other 

Wl^ 

than uniformly distributed loading, use the formula A = K 

El 

L = effective span of a beam in feet; 

Z = effective span of a beam in the same unit of length as is involved in w\ 

V = spacing of lateral supports to a beam. 

= bending moment; 

Mz — bending moment at supports, 1, 2 and 3 of a continuous beam; 

= moment of resistance of a cross section; 

= bending moment at the centre of any segment of a beam due to a load 
of 1 lb. acting at the point where the deflection is required; 

N = numerical coefficient in the formula for maximum deflection of a beam 
based on extreme fibre stress. For simply supported beams its 
values are: With single concentrated load at the centre, 24; with 
equal concentrated loads at the third points, 30.67; with uniformly 
distributed load, 30; with load increasing uniformly to centre, 28.8. 
P = any concentrated load acting on a beam; the reaction at a support; 

Pb = permissible stress in bearing; 

Pde = permissible stress in diagonal compression in a beam web; 

Pf — permissible flexural stress; 
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Vvc = permissible stress in vertical compression in a beam web; 

. j>a = permissible shearing stress; 

Q = statical moment of the area above or below a given point on a beam 
cross section, taken about the neutral axis; 

Qh = statical moment of holes in a section taken about neutral axis of gross 
section; 

r = radius of g 3 Tation of a cross section in the direction of the plane of 
bending; 

S = effective section modulus of a beam subjected to symmetrical bend¬ 
ing, required or provided, as the expression may indicate; 

S' = effective section modulus of a beam subjected to imsymmetrical bend¬ 
ing, required or provided, as the expression may indicate; 

s = shift of the neutral axis of a section brought about by perforation; 

t = thickness of the web of a beam; 

$ = angle which the plane of the moment makes with the a:-axis of a cross 
section subjected to unsymmetrical bending; 

V = total vertical shear at a cross section; 

W = total load on a beam; 

w = load per unit of length on a beam; 

X = a distance in the x-direction, generally horizontal; 

2 / = a distance in the ^/-direction, generally vertical; the distance of any 
fibre of a beam from the neutral axis; 

ye = the distance of an extreme fibre of a beam from the neutral axis. 

73. Design for Moment of a Laterally Supported, Uniformly Loaded Beam. 

—An I-beam framing into girders 17 ft. 8 in. apart, centre to centre, is to (;arry 
a uniformly distributed load of 1500 lb. per lin. ft. in addition to its own weight. 
It is continuously supported along the top flange by a floor slab. Recommend 
a size to satisfy moment requirements, pf = 20,000 lb. per sq. in. Neglect 
the restraining moment at the supports. 

Asvsuming a standard 12-in., 31.8-lb. I-beam, the total load per lineal foot is 
1531.8 lb. 

Maximum moment, ilf, from Eq. (1) of Art. 72 = | X 1531.8 X (17.67)^ 
X 12 = 716,000 in.-lb. 

S = M/pf = 716,000/20,000 = 35.8 in.^ 

This may be met with a standard 12-in., 31.8-lb. I having S = 36.0, or a 
12-in., 31-lb. W.F. with S - 39.4. Relative i)ound prices, availability and 
requirements respecting web thickness will determine the choicje of section. 

As a precautionary measure, the shearing and web buckling stresses should 
be investigated as in Art. 79. 

Tables of safe capacity of beams may be conveniently used to determine the 
necessary size. 

The total superimposed load is 1500 X 17.67 = 26,500 lb. Adding 560 lb. 
to allow for the weight of the beam itself, the total load to be accommodated 
will be about 27,060 lb. The tables show that, for pf = 20,000 lb. per sq. in.. 
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a 12-in., 31.8-lb. I has a total capacity of 27,300 lb. and a 12-in., 31-lb. W.F. one 
of 29,700 lb. 

74. Design for Moment of Laterally Supported Beam with Single Central 
Load. —If the load applied to the beam of Art. 73 is a single load of 23,000 lb. 
applied at the centre and the other data are as given in Art. 73, recommend a size. 

The uniform load giving the same moment as a 23,000-lb. central load is 
46,000 lb. From the capacity tables it is apparent that a 16-in., 40-lb. W.F. 
with a capacity (by interpolation) of 49,000 lb. would be adequate. There is 
ample margin in the capacity to allow for the deduction of the weight of the 
beam, which would be 710 lb. 

76. Effect of Restraining Moment of End Connections. —Redesign the 
beam of Art. 73, assuming that by reason of the restraining moment of the end 
connections, the maximum positive moment in the beam is reduced by 10%. 

Maximum moment M, assuming the weight of the beam as 27 lb. per lin. ft., 
is A X B X 1527 X (17.67)2 X 12 = 643,000 in.-lb. 

S = 643,000/20,000 = 32.2 in.^ 

The lightest beam meeting this requirement is a 12-in., 27-lb. W.F. with a 
section modulus of 34.1 in.^ 

Shearing and web buckling stresses should be investigated, as in Art. 79. 

76. Flexural Capacity of Beam Laterally Supported and Loaded at the 
Third Points. —^An 18-in., 50-lb. W.F., of 21-ft. span, supported continuously 
along the top flange by a slab, is loaded at the third-points by two equal concen¬ 
trated loads. What may these safely be, so far as flexure is concerned? p/ = 
18,000 lb. per sq. in. 

From the tables of safe capacity under uniform loading, which are based on 
Pf = 20,000 lb. per sq. in., the total safe uniformly distributed load is 57,000 lb. 
For Pf = 18,000 lb. per sq. in. the capacity would be 

57,000 X 18/20 = 51,300 lb. 

The net uniform loading would then be this less the w’^eight of the beam, or 
51,300 - 50 X 21 = 50,250 lb. 

Now, since the moment in a beam due to a load W applied in two equal 
concentrated loads at the third-points is Wl/^^ while for the same load applied 
uniformly it is Wl/S, the net loading applied as tw^o eciual third-point loads 
would be 50,250 X = 37,700 lb., or 18,850 lb. for each load. 

This loading has no relation to the shearing or w^eb buckling capacity. See 
Art. 79. 

77. Capacity of an I-Beam without Intermediate Lateral Support. —^A 10-in., 
25.4-lb. I-beam has a span of 10 ft. centre to centre of bearings and is without 
lateral support at any intermediate point. Find the safe superimposed uni¬ 
formly distributed load per lineal foot of beam, so far as bending is concerned. 

Pf = 16,000 — 150 V/by where V — maximum spacing of points of lateral 
support in the region of the point of maximum moment, and h = breadth of 
beam flange. 

From the tables of safe capacity, the total gross safe load, based on pf = 
20,000 lb. per sq. in. is 33,000 lb. 
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But p/ = 16,000 — 150 X 120/4.66 = 12,140 lb. per sq. in. 

Hence the total gross safe capacity, taking account of the tendency of the 
top flange to buckle is 33,000 X 12,140/20,000 = 20,000 lb. 

Deducting the weight of the beam or 10 X 25.4 = 254 lb., the total net 
safe capacity is 20,000 — 254 = 19,746 lb., or 19,746/10 = 1975 lb. per lineal ft. 

78. Design of I-Beam with Imperfect Lateral Support. —^A steel beam of 
16 ft. 6 in. span supported laterally at the ends and at the third-points is to carry 
a concentrated load of 14,000 lb. at each of the third-points, in addition to its 
own weight. Recommend a size to satisfy flexural requirements only. 

p/ = 19,000 — 300 Z'/6, where V = maximum spacing of points of lateral 
support in the region of the point of maximum moment, h = breadth of beam 
flange, but p/ is not to exceed 16,000 lb. per sq. in. 

Since from Eq. (1), Art. 72, the moment in a beam due to a load W applied 
as two equal concentrated loads at the third-points is R"?/6, the tabular safe 
loads for beams uniformly loaded may be used for beams symmetrically loaded 
at the third-points by multiplying the tabular loads by g. 

In selecting a beam from the capacity tables, therefore, one with a total net 
capacity for uniform load of 2 X 14,000 X f = 37,300 lb. ought to be chosen. 

Examination of the tables shows that for p/ = 20,000 lb. per sq. in. a 15-in., 
42.9-lb. I has a gross capacity for uniform load of 47,500 lb. But p/ = 19,000 
— 300 X 66/5.5 = 15,400 lb. per sq. in. Hence the gross capacity would be 
reduced to 47,500 X 15,400/20,000 = 36,700 lb. and the net capacity would 
be 36,700 — 16.5 X 42.9 = 35,990 lb. This beam is insufficient. 

Assuming a 16-in., 40-lb. W.F., with a flange width of 7.0 in., V/h — 66/7.0 
= 9.4 and hence p/ = 16,170 lb. per sq. in. The gross capacity for uniform load 
is 42,000 lb. and the net capacity is 42,000 — 16.5 X 40 = 41,340 lb., which is 
sufficient. 

79. Design of Steel Beam for Bending, Shear and Web Buckling.—^A 

steel beam with top flange continuously supported laterally rests on two columns 
18 ft. apart centre to centre and carries a uniformly distributed load of 2000 
lb. per lin. ft., including the weight of the beam, in addition to a column load 
of 85,000 lb. applied 1 ft. 8 in. from one support, as shown in Fig. 47. Pro¬ 
portion the beam. 

P/ = 17,000 lb. per sq. in. p« = 10,000 lb. per sq. in., considered as uni¬ 
formly distributed over the gross area dt of the web. Permissible diagonal 
compressive stress in web, pdc = 15,000 — 150 c/t{c = clear distance between 
fillets). Permissible vertical compressive stress in web, p„c = 15,000 — 120 c/L 
Assume y in Eqs. (15) and (16), Art, 72, as 0.125 for end supports, and 0.25 for 
the interior concentrated load. 

Moment. —The maximum moment occurs at the section of zero shear, which 
is at 5.05 ft., or 60.6 in., from the left support. 

Left reaction = (85,000 X 16.33/18) + (9 X 2000) = 95,100 lb. 

Maximum moment = 95,100 X 60.6 — 85,000 X 40.6 ~ X (2000/12) X 
(60.6)2 = 2,009,000 in.-lb. 
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Required section modulus for beam having adequate lateral support 
= 2,009,000/17,000 - 118 in.® One 20-in., 70-lb. I with S = 121.4 would be 
adequate for bending. 

Shear ,—The total 
end reaction = 77,100 
■f (9X2000) = 95,100 
lb. 

Average shearing 
stress, Eq. (11), Art. 

72, = 95,100/(20 X 
0.567) = 8380 lb. per 
sq. in., which is with¬ 
in the specification. 

Web Compression, 

—Since the existing 
diagonjal compressive 
stress at the supi)ort is 
approximately ec^ual 
to the average shear¬ 
ing stress, Eq. (13), Art. 72, it is 8380 lb. per sq. in. (For an investigation of 
combined shearing and flexural stress, see Art. 103.) 

Permissible diagonal compressive stress = 15,000 — 150 X 17/0.567 = 
10,500 lb. per sq. in., the clear distance between fillets being approximately 
17 in. and the web thickness 0.567 in. 

Existing vertical compressive stress over the assumed 14-in. bearing Eq. (15), 
Art. 72, = 95,100/(14 + 20/8) X 0.567 = 10,150 lb. 
per sq. in. 

Permissible vertical compressive stress on 
web = 15,000 - 120 X 17/0.567 = 11,400 lb. 
per sq. in. The section is adequate and hence 
end stiffeners are not necessary. Cases of shear 
deficiency are best met by using a beam with a 
thicker web. 

Since the concentrated load is less than the 
reaction, and the length of web effective for 
the resistance of vertical compression is 14 
4 - 20/4 = 19 in., as compared with 16.5 in. at 
the support, the web of the adopted beam is 
sufficient for the web compression under the 
column load. 

The compressive stresses in the web are less severe at the right sup¬ 
port than at the left support. 

80. Net Section Modulus of Punched Beam.—Calculate the net or effective 
section modulus of a 20-in., 65.4-lb. I with holes for two |-in. rivets through 
the tension flange, as shown in Fig. 48. Assume the neutral axis to pass 
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Fio. 48.—Net Section Mod¬ 
ulus of Punched Beam. 



Fig. 47.—Beam Subjected to Heavy Shear and Web Buckling 
Stresses. 
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through the centre of gravity of the net section. What is the percentage re¬ 
duction of flexural strength? 

It is necessary, first, to find the position of the neutral axis of the net section. 
The distance of the neutral axis of the net section from the neutral axis of the 
gross section or the shift,” is, from Eq. (20) of Art. 72 



Statical moment, Q*, of two 1-iu. holes through J-in. metal of flange taken 
about neutral axis of gross section which is 9.(i25-in. distance from the centre 
of gravity of the holes is 2 X 1 X 0.75 X 9.625 = 14.44 in.^ 

Net area of section, An, = 19.08 — 2 X 1 X 0.75 = 17.58 sq. in. 

Hence, s = 14.44/17.58 = 0.82 in. 

Moment of inertia of net section taken about the centre of gravity of the 
net section is, from Eq. (21) of Art. 72 

III ~ Ig Ih 

Inserting numerical values 

In = 1169.5 - 2(1 X 0.75 X 9.6252) ~ 17.58 X 0.822 = 1018.7 in.^ 

Section modulus of reduced section 




d/2 -[■ ^ 


1018.7 

10.82 


94.1 in.*’’ 


Section modulus of gross sections = 116.9 in.^ 

Ratio of section modulus of gross section to that of net section 


SJSg = 94.1/116.9 = 0.805. 

That is, the holes reduce the section modulus by 19.5%, if the neutral axis 
is at the centre of gravity of the net section. 

A rough approximation for the net section modulus, and one sufficiently 
accurate for some purposes, may be made by considering the neutral axis as at 
the centre of gravity of the gross section. 

The approximate net moment of inertia is then, dropping the last term of 
Eq. (21) of Art. 72, 

In' ^Ig-Ih 

which b('comos 


Ir! = 1169.5 - 2(1 X 0.75 X 9.6252) = 1030.5 in.^ 


Approximate net section modulus is 


Sn' = 


hi 

d/2 


1030.5 

10 


103.05 in.3 
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Ratio of section modulus as computed on assumption that neutral axis is 
at centre of gravity of net section to that found on the assumption that the 
neutral axis is at the centre of gravity of the gross section 

Sn/Sr! = 94.1/103.05 = 0.913. 

81. Correction of Approximate Section Modulus.—For the problem of 
Art. 80 find the correction which should be applied to the net section modulus 
as found on the assumption that the neutral axis is at the centre of gravity of 
the gross area in order to give the most probable value of the true net section 
modulus. 

There is reason to believe that the neutral axis of an uns 3 nnmetrically 
punched beam does not sliift from the centre of gravity of the gross section to 
the centre of gravity of the net section, but that it lies at some intermediate 
point. As close a determination of the true section modulus of beams with 
flange holes as it is possible to make may be made by finding the section modulus 
on the assumption that the neutral axis is at the centre of gravity of the gross 
section and then multiplying it by the efficiency factor of Eq. (23), Art. 72, 

where d = overall depth of the beam or girder in inches. 

For the case of Art. 80 

F = 1.0 - 0.25/(20)'^ = 0.944 

The most probable value of the true net section modulus is therefore 0.944 
X 103.05 = 97.4 in.3 

82. Reinforcement of Beam for Flexure.—A 15-in., 42.9-lb. I of 20-ft. 

span centre to centre of bearings is to be reinforced by flange plates so as to 
carry safely in flexure a total uniformly distributed load of 50,000 lb., including 
the weight of the beam. Recommend a section for the flange plates. Rivets, 
I in. pf = 18,000 lb. per sq. in. 

Maximum moment in beam = Wl/S = 50,000 X 240/8 = 1,500,000 in.-lb. 

S = 1,500,000/18,000 = 83.33 in.^ 

A rough estimate of the amount of section modulus contributed by a 6 X i-in. 
plate on each flange, as shown in Fig. 49, indicates that those will probably be 
sufficient. Assume that they ar^ used and that there are two lines of staggered 
rivets in each plate. 

Moment of inertia of gross section of 15-in , 42.9-lb. I = 441.8 in.'* 

Moment of inertia of two flange plates = 2 {1/12 X 6 X (0.5)^ -h 6 X 0.5 
X (7.75)M = 360.5 in.< 

Total gross moment of inertia of reinforced section = 441.8 -f 360.5 
= 802.3 in.^ 
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Moment of inertia of one hole through the f-in. metal of the beam flange 
and |-in. flange plate, taken about the neutral axis of the gross section of the rein¬ 
forced beam = 1 X 1.125 X (7.44)* = 62.3 in.^ 

Net moment of inertia of section = 802.3 — 62.3 ~ 740.0 in,^ and net sec¬ 
tion modulus = 740/8 =? 92.5 in.® 

As pointed out in Art. 81, this should be corrected by multiplying it by 
F = 1.0 — 0.25/(16)^ = 0.9375. The corrected or ad- 
, justed section modulus, therefore, = 0.9375 X 92.5 

86.7 in.® 



Fia. 49.—Reinforcement 


for Flexure, 


This is somewhat in excess of the requirement, or 
83.33 in.®, but 6 X i^-in. plates are insufficient, 

83. Length of Reinforcing Plates.—Find the theo¬ 
retical length required, and recommend a practical 
length, for the flange plates employed in the reinforced 
beam of Art. 82. 

The required theoretical length of each flange plate 
(see Appendix II) is 



in which I = span of beam, centre to centre of bearings; a/ = required section 
modulus of the two plates in order to make up the difference between the section 
modulus of the punched beam at the plate ends and S] and S = total corrected 
net section modulus required at the centre of the reinforced beam. 

Now the corrected net section modulus required at the point of maximum 
moment is, from Art. 82, S — 83.3 in.® 

Corrected net section modulus of the beam with two opposite 1-in. holes 
deducted from tension flange (see Fig. 50), taken with respect to the beam sec¬ 
tion alone, that is, not as part of a reinforced beam, using the data of Art. 82, is 


0.25 I 441.8 - 2 X 1 X 0.625 X (7.19)® ] ^ . ; 

■ (15)>^J1 7.5 1 • 


BO’-O’ctoc.- 



Rr/efs,s 


Fig. 60.—Riveting of Reinforcing PlateB 
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Required corrected net section modulus which must be contributed by 
the two plates in order to make up the difference between the section modulus 
of the punched beam alone and the total required section modulus * 83.3 
- 47.1 * 36.2 in.3 

Hence theoretical length of plates is 

By making the plates 6 in. longer at each end, or say 14 ft. 2 in. long, two 
rows of rivets, 3 in. apart, may be driven outside the theoretical point of cut-off, 
as shown in Fig. 50. 

84. Riveting of Reinforcing Plates.—Determine the theoretical and 
practical rivet spacing in the reinforcing plates of the beam of Art. 82. Rivets, 
J in. p« = 12,000 lb. per sq. in. pb = 24,000 lb. per sq. in. Maximum spac¬ 
ing in the line of stress must not exceed 16 times the thickness of the plate, nor 
6 in. 


The correct theoretical pitch of the flange rivets at any point is 



( 1 ) 


where n = number of rivets in a transverse row; v = least value of one rivet; 
I = moment of inertia of the compound section; Q = statical moment of plate 
or plates on one flange taken about the neutral axis of the compound section; 
and V = total vertical shear at the section. (Reference: Engineering News- 
Record^ March 10, 1927, p. 401.) 

In this case rivets will be placed opposite each other near the ends of the 
plates, giving a value of n = 2, while over the greater part of the length of the 
plates the rivets will be staggered, making n = 1. 

The least value, v, of a rivet is its single shearing value = 7220 lb. 

1 and Q may without material error be taken for the gross areas involved, 
whether it be the tension or the compression flange that is being considered. 
From Art. 82, I = 802.3 in.^ and Q = 6 X 0.5 X 7.75 = 23.25 in.* 

Let the pitch be investigated at a point near the end of the reinforcing 
plates, say 3 ft. from a support. Since the total loading per lineal foot = 
50,000/20 = 2500 lb., the shear V at this point = 2500(10- 3) = 17,500 lb. 

Hence in this region where the rivets are in pairs 

2 X 7220 X 802.3 , . 

p — -= 28.4 m. 

^ 23.25 X 17,500 

If the rivets were staggered, the pitch p would be 14.2 in. 

In any case, it is evident that the theoretical pitch is far greater than would 
be permitted under the practical rule respecting maximum spacing. Conse¬ 
quently, as shown in Fig. 50, the rivets will be arranged with a 6-in. staggered 
pitch for the greater part of the length of the plates, with a few closer spaces 
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near each end to provide for the larger increments of stress in a given length as 
the supports are neared. 

85. Design of Beam Overhanging Both Supports. —^An I-beam is to rest 
on two supports 12 ft. apart and is to overhang each support far enough to give 
equal positive and negative moments. The total applied uniform load is to 
be 120,000 lb. The beam is continuously supported laterally. Recommend a 
section. 

p/ = 18,000 lb. per sq. in. = 10,000 lb. per sq. in. pdc = 15,000 

— 150 c//. pvc = 19,000 ~ 173 d//. The supports are 12 in. long, and the 
value of j in Eq. (15) of Art. 72 is 0.25. See Art. 79, respecting design for 
diagonal and vertical compression in the web. Neglect deflection. 


If the total uniformly distributed load be W, the distance between supports 
will be I and the overchange be /i, then equating the maximum positive and 
negative moments, we have 


w(i - h) = 

Vs 4/ \2l + ilJ 


SolvinK, 1 1 = 0.354 / = 0.354 X 12 = 4.25 ft. 

Assuming a 12-in., 31.8-lb. I, the total load per lineal foot is 120,000/20.5 
+ 31.8 = 5882 lb. per lin. ft. 

The maximum negative (ecjual to the maximum positive*) moment 
= ^ X 5882 X (4.25)'' X 12 = 638,000 in.-lb. 


S = 638,000/18,000 = 35.5 in.^ 


A 12-in., 31.8-lb. I with S = 36.0 will do, as will a 12-in., 28-lb. W.F., 
provided the web is sufficiently thick for shear and web buckling. 

The maximum shear occurs at the inner edge of the 12-in. support, and is 
5882(10.25 - 4.75) = 32,400 lb. 

Area required = 32,400/10,000 = 3.24 sq. in. 

For the W.F. section, the area provided is 12 X 0.240 = 2.88 sq. in., which 
is not sufficient. For the standard 12-in., 31.8 lb. I, area of web = 12 X 0.35 = 
4.20 sq. in., which is sufficient. 

The existing maximum diagonal buckling stress,/^c, for a cantilever beam only 
roughly equals the existing average shearing stress on the web. From Eq. (13), 
Art. 72 it = 32,400/4.20 = 7720 lb. per sq. in. for the 31.8-lb. I. (An illustra¬ 
tion of the method of determining this stress more exactly is given in Art. 103.) 

The permissible diagonal compressive stress is 

Pdc = 15,000 — 150 X 9.75/0.35 = 10,820 lb. per sq. in. 

Hence the section is satisfactory for diagonal buckling. 

Total reaction = 5882 X 10.25 = 60,300 lb. Maximum existing vertical 
compressive stress, Eq. (15), Art. 72 = fvc == 60,300/(12 + 12/4)0.35 = 11,480 
lb. per sq. in. 

Pvc = 19,000 — 173 X 12/0.35 = 13,070 lb. per sq. in. This exceeds the 
existing stress, and hence the assumed section is in all respects adequate. 
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86. Design of Cantilever Beam Unsupported Laterally. —A cantilever 
beam of 6-ft. span built securely into a masoilry wall carries in addition to its 
own weight a concentrated load of 1500 lb. applied at the free end. The beam 
is unsupported laterally. Recommend, a size. 

Pf = 16,000 — 120 V/b, pt = 10,000. pdc = 20,000 — 200 c/t, with a max¬ 
imum of 12,000 lb. per sq. in. Neglect deflection. 

Moment due to concentrated loading = 1500 X 72 = 108,000 iii.-lb. 
Moment due to weight of beam itself, assuming a 6-in., 12.5-lb. I, is ^ X 12.5 
X (6)^ X 12 = 2700in.-lb. Total moment = 110,700 in.-lb. 

For a 6-in., 12.5-lb. I, the flange width is 3.33 in., and hence Pf = 16,000 
— 120 X 72/3.33 = 13,400 lb. per sq. in. 

S = 110,700/13,400 = 8.3 in.» 

The assumed size, with S = 7.3, is not sufficient, but a 7-in., 15.3-lb. I with 
S = 10.3 will do. 

Maximum shear = 1500 + 6 X 15.3 = 1592 lb. Web area required = 
1592/10,000 == 0.16 sq. in. Area provided = 7 X 0.25 = 1.75 sq. in., which is 
far more than is needed. 

Existing stress in diagonal compression, according to Eq. (13), Art. 72, is 
roughly fdc = 1592/1.75 = 910 lb. per sq. in., which obviously is very much 
less than the permissible stress pdc> A more accurate determination of this 
stress, as in Art. 103, is not necessary here. 

The 7-in., 15.3-lb. 1 is, therefore, adequate in all respects. 

87. Design of Laterally Supported Beam Restrained at One End and 
Simply Supported at the Other. —^A beam of 15-ft. span continuously supported 
laterally and restrained at one end and freely supported at the other is to carry 
a uniformly distributed load of 1600 lb. per lin. ft. in addition to its own weight. 
Recommend a size. 

Pf — 18,000 lb. per sq. in. = 12,000 lb. per sq. in. pdc = 12,000 lb. 
per sq. in., where the clear depth of web between the fillets does not exceed 60 
times the web thickness. 

Assume a weight of beam of 31.8 lb. per lin. ft. The total loading is then 
1631.8 lb. per lin. ft. 

Maximum moment, which is at the restrained end, Eq. (1), Art. 72, is 
I X 1631.8 X (15)2 X 12 = 552,000 in.-lb. 

S = 552,000/18,000= 30.6 in.® 

A 12-in., 25-lb. W.F. with S = 30.9, is the most economical section. 

Maximum end shear is at the restrained end and is | ti?/ = f X 1625 X 15 = 
15,200 lb. Web area required = 15,200/12,000 = 1.27 sq. in. For the W.F. 
section, = 12 X 0.24 = 2.88 sq. in., which is more than adequate. 

Maximum diagonal buckling stress, Eq. (13), Art. 72, is fdc = 15,200/2.88 
= 5280 lb. per sq. in., as compared with 12,000 lb. per sq. in. allowed, the ratio 
of clear depth to web thickness being for the W.F. section 10.375/0.24 = 43. 
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88. Design of Beam Restrained at Both Ends and without Intennediate 
Lateral Support. —^A beam of 20-ft. span perfectly restrained at both ends, but 
unsupported laterally between end supports, is to carry a total uniformly 
distributed load, including the weight of the beam, of 1700 lb. per lin. ft. Recom¬ 
mend a size. 

p/ = 12,000/(/'d/fe^')> but not to exceed 20 kips per sq. in., where is the 
thickness of the flange of the beam, p, = 13 kips per sq. in. Neglect deflection. 

The total load on the beam TT = 1.7 X 20 = 34 kips. 

Using Eq. (1), Art^ 72, the maxima moments are found to be: 

At the ends, il/ = 34 X 20 X yf = ^80 in.-kips. 

At mid-span, M = 34 X 20 X ^ = 340 in.-kips. 

End shear, V = W/2 =17 kips. 

Consider a 12-in., 27-lb. W.F.: = 34.1 in.®; d = 11.95 in.; h = 6.50 in.; 

e = 0.40 in.; ^ = 0.24 in.; d/hV = 4.60; Vd/bV = 20 X 12 X 4.6 = 1103. 

At the ends, p/ = 20 kips per sq. in., as the flanges are laterally supported. 

At mid-span, p/ = 12,000/1103 = 10.87 kips per sq. in. 

At the ends,// = 680/34.1 = 19.92 kips per sq. in. 

At mid-span,// = 340/34.1 = 9.96 kips per sq. in. 

/, = 17/11.95 X 0.24 = 5.92 kips per sq. in. 

The section is satisfactory, as it is not overstressed in flexure or in shear. 

89. Design of Three-Span Continuous Beam for Moving Load. —^A steel 



Fig 51.—Maximum Moments and 
Shears in Three-Span Continuous 
Beam. 


beam is continuous over three equal spans 
of 15 ft. each. It carries a uniformly 
distributed dead load of 200 lb. per lin. ft., 
including the weight of the beam, and a uni¬ 
formly distributed moving load of 1000 lb. 
per lin. ft. Determine the necessary sec¬ 
tion of the beam. The beam rests freely on 
all four supports and is continuously sup¬ 
ported laterally. 

p/ = 16,000 lb. per sq. in. p# = 10,000 lb, 
per sq. in. p^c = 15,000 — 150 c/t lb. per sq. 
in. Neglect the deflection. 

From works on Mechanics (see also Hool 
and Johnson^s “ Concrete Engineers' Hand¬ 
book ”) it is found that when the ratio of live 
load to dead load is as in this case, that is 
1000/200 = 5, the maximum moments at 


span centres and at supports, and the shears 


at supports for beams of three spans are approximately as follows: 


End ^pans 

Moment near centre . 

Moment at interior support . — ^ wl^ 

Shear adjacent to interior support . -^wl 
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Interior Span 

Moment at centre. +^wl^ 

Moment at supports. ^ wl^ 

Shear adjacent to supports. ^wl 


In these formulae, w == total uniformly distributed load, that is, dead load + live 
load, and I = length of one span. For maximum positive moment in an end 
span, the live load is placed as in Fig. 51(a), while for maximum positive moment 
in the interior span, it is placed as in Fig. 51(6). For maximum negative 
moment over the supports, and for maximum shears at supports the loading is 
as shown in Fig. 51(c). 

From the above it is seen that the greatest moment occurs over a support 
and is 

M = i X 1200 X (15)2 X 12 = 360,000 in.-lb. 

Required section modulus 

S = 360,000/16,000 = 22.5'in.® 

For this a 10-in., 23-lb. W.F. with ^ = 24.1 in.® will do, if the shearing and 
web compressive stresses are not excessive. 

Maximum shear, which occurs on the outside of an inner support is 

F = 0.6 X 1200 X 15 = 10,800 lb. 

Required web area for shear is 10,800/10,000 = 1.08 sq. in. 

As the beam has a web area of = 10 X 0.240 = 2.40 sq. in., it is 

amply strong. 

Since the permissible stress in diagonal compression for a 10-in., 23-lb. W.F., 
is pdc = 15,000 — 150 X 8.50/0.24 = 9690 lb. sq. in., the right sectional area 
required to meet the diagonal compression is 10,800/9690 = 1.08 sq. in. 

The assumed beam is entirely adequate. 

90. Deflection of Uniformly Loaded Beam Based on Loading.—A 10-in., 
25.4-lb. I-beam of 15-ft. effective span carries a total uniformly distributed 
superimposed load of 20,000 lb. Calculate the maximum deflection. 
29,000,000 lb. per sq. in. 

Maximum deflection is from Eq. (17) of Art. 72. 

^ 5 Wl* 

m El 


The (juantities I and I must be in the same unit of length as is involved in 
W and E, that is the inch. Therefore, I = 180 in. and I = 122.1 in.^ As the 
weight of the beam is 15 X 25.4 == 381 lb., W = 20,381 lb. Hence, 


5 20,381 X (180)® 

384 *29,000,000 X 122.1 


0.437 in. 
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91. Deflection of Uniformly Loaded Beam Based on Fibre Stresses.—Two 

5 X 4 X |“in. angles with the 5-in. legs vertical and stitch riveted together back 
to back carry a uniformly distributed load over an effective span of 8 ft. at an 
extreme fibre stress of 16,000 lb. per sq. in. What is the maximum deflection? 
E = 29,000,000 lb. per sq. in. 

The deflection of a uniformly loaded beam may, according to Eq. (18) of 
Art. 72, be expressed in terms of the stress/e at the extreme fibre as follows: 

^ 30 J_ 

E '2ye 

L being the span in feet and y, being the distance in inches from the neutral axis 
to the extreme fibre. Values of the coefficient SOf^L^/E for various values of /<, 
and L and for E = 29,000,000 lb. per sq. in. are listed in the structural hand¬ 
books as ^‘coefficients of deflection.’’ In this case the coefficient is 1.059. Hence 

A = 1.059 X- - -= 0.153 in. 

2 X 3.47 

92. Deflection Based on Fibre Stress of Beam with Triangular Loading.— 

A lintel carrying a mass of brickwork of the form of an isosceles triangle con¬ 
sists of two 4 X 3 X A-in. angles with the 4-in. legs vertical and stitch riveted 
together back to back. The effective span is 8 ft. and the extreme fibre stress 
is 16,000 lb. per s(i. in. Find the maximum deflection. E = 29,000,000 Ib. 
per sq. in. 

According to Eep (18) of Art. 72, the deflection of a beam carrying a triangu¬ 
lar loading increasing uniformly from the supports to the centre is, in terms of 
the extreme fibre stress ft 

^ ^ 28.81 
E 2 ye 

where the symbols have the meaning assigned in Art. 72. 

Values of this coefficient of 1/2 y, are not listed in the handbooks. Inserting 
numerical values, therefore 

^ _ 28.8 X 16 ,000 X (8)2 1 _ 1.017 . 

29,000,000 2 X 2.74 “ 2 X 2.74 “ ‘ “ 

93. Limiting Span for Given Deflection. —Find the greatest ratio of span 
to depth that may be employed for an I-beam carrying equal loads at the 
third-points in order that the deflection may not exceed 1/360 of the span. 

fe = 18,000 lb. per sq. in. E = 29,000,000 lb. per sq. in. Assume the 
weight of the beam to be applied in two equal loads at the third-points. 

For third-point loading 

216 Eye 
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Equating this to i/360, replacing/« and E by their values, and solving for I 

I = 42.03 ye = 21.01 d. 

For spans greater than 21.01 times the depth the deflection will be excessive 

94. Design of Eling-Post Trussed Beam. —A king-post trussed beam of 
15-ft. span centre to centre of bearings and continuously supported laterally is 
to carry a superimposed load of 1300 lb. per lin. ft. There is no restriction as 
to head room. Design the beam. 

Permissible stress in combined flexure and compression, p/ = 16,000 lb. per 
sq. in. Permissible compressive stress on strut, pc = 15,000 — 50Z/r lb. per 
sq. in. Vt = 16,000 lb. per sq. in. p, = 10,000 lb. per sq. in. pb = 20,000 lb. 
per sq. in. Neglect deflection Rivets, \ in. 

Assume that the tie rod is prestressed sufficiently to hold the centre of the top 
chord at the same elevation as the end supports under full load. The continu¬ 
ous-beam theory will then apply. 

Ijct the depth of the trussing from the centre of the top chord to the centre 
line of the truss rod at the lowest point be 2 ft. 6 in., as shown in Fig. 52. This 
gives a slope of the tie rod of 1 vertical to 3 horizontal. 



Top Chord Flexure and Compression .—For a continuous beam of two spans, 
Eissuming no restraint at the end supports, the maximum moment occurs at the 
intermediate support, and from Eq. (2) of Art. 72, it is 


where w is the load per unit of length and p is the panel length. In this case, 
assuming the w^eight of the beam to be 20 lb. per lin. It., M = | X 1320 X (7.5)* 
X 12 = 111,500 in.-lb. 


Extreme fibre stress, assuming the top chord to consist of one 9-in., 13.4-lb. 
channel with a section modulus of 10.5 in.*, is 


// 


M 

S 


111,500 


10,600 lb. per sq. in. 


10.5 
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Horizontal, or axial compression in the top chord is 

H — \ vypc,oi a 

where a = angle of slope with the horizontal of the inclined portions of the tie 
rod. For the assumed data 

H = I X 1320 X 7.5 X 3.0 = 18,550 lb. 

Maximum compressive stress in top chord 

^ H 18,550 „ 

/c = — =-= 4770 lb. per sq. m. 

A 3.89 ^ ^ 

Total maximum compressive stress due to combined flexure and compression 
is 

// +/. = 10,600 + 4770 = 15,370 lb. per sq. in. 

This is well within the limit of 16,000 permitted. 

Top Chord Shear, —From the theory of continuous beams, the maximum 
shear in the top chord occurs immediately adjacent to the strut and is 

y = 1320 X 7.5 = 6190 lb. 

The average shearing stress on the web is, from Eq. (11) of Art. 72 

V 6190 

fa8=- = - = 2990 lb. per sq. in. 

which is very much below the permissible stress of 10,000 lb. per sq. in. 

Tie Rod. —Initial tension not having to be considered as an extra stress, the 
tension in the tie rod is 

T I wp cosec a = I X 1320 X 7.5 X 3.16 = 19,550 lb. 

Required net area A = 19,550/16,000 = 1.22 sq. in. 

Use one l|-in. rod, upset, having an area of 1.27 sq. in. in the body and of 
1.515 sq. in. at the root of the thread of the l|-in. upset. Adjustment is pro¬ 
vided by means of the nuts at the end connections of the rods. 

Struts. —Compression in strut is 

p = f X 1320 X 7.5 = 12,380 lb. 

Assume two 3^ X 2^ X angles with the 3^-in. legs tight together and 
outstanding, as shown in Fig. 52. Area = 3.56 sq. in. Moment of inertia 
about axis 1 — 1 = 4.4 in.^ Radius of gyration about axis 1 — 1 = 1.11 in. 
Radius of gyration about axis 2 — 2 = 0.96 in. 

The 12,380-lb. load is applied at the free bottom end of the strut with an 
eccentricity of 1.75 — 1.14 = 0.61 in., and hence the moment at the point of 
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maximum buckling is M = 12,380 X 0.61 = 7560 in.-lb. At this point the 
maximum combined stress is, Eq. (3) of Art. 36, 

^ ^ 12,380 , 7550 X 2.36 

—li— 

= 3480 + 4050 = 7530 lb. per sq. in. 

Permissible compressisre stress in strut is pc = 15,000 — 50 X 30/0.96 
= 13,440 lb. per sq. in. 

The tilting effect on the strut is resisted by a bending moment in the angles, 
which reaches its maximum at the lower pair of rivets. The arm of the force 
is the distance of the centre of the tie rod from the plane of the back of the 
angles, say 1.75 in. M = 12,380 X 1.75 = 21,650 in.-lb. Neglecting the 
effect of the rivet holes, the maximum combined compressive stress, which is at 
the outer edge of the S^-in. legs, is 


fc +f/ = 


12,380 21,650 X 2.36 

3.56 4.4 


= 3480 + 11,650 = 15,130 lb. per sq. in. 


As the angles are held against buckling at the connection to the top chord, 
Pf = 16,000 lb. per sq. in., and the section assumed is adequate. 

The outstanding legs of the angles will be notched to semicircular fonn at 
the bottom so as to receive the rod. 

Bearing area required for the rod is 


A 


P _ 12,380 

Pb ~ 20,000 


0.62 sq. in. 


Area provided is 1.25 X 0.625 == 0.78 sq. in. 

Details .—^The suggested details are sho\^Ti in Fig. 52. 
For the end connections of the tie rod, use an 8 X 
4 X angle cut to 8 X 3^ X in. with the li-in. 

rod passing through the 35 -in. leg. 


channel = 0.75 X 0.23 X 20,000 = 3450 lb. 

Number of rivets required in angle cleat = 19,550/ 

3450 = 6. 

Number of rivets required in top of strut = 12,380/ 

3450 = 4. 

96. Maximum Stress in I-Beam Subjected to XJn- 
symmetrical Bending. —^A 6-in., 12.5-lb. purlin with a 
span of 16 ft. is, before the roofing or sag rods are put 
in place, subjected to a vertical central load of 600 lb. 

The slope of the roof is 30 deg. What is the maximum 

flexural stress in the purlin? Assume the plane of loading to pass through 
the centre of gravity of the beam cross section. 



Fig. 63.—I>beain Sub¬ 
jected to Unsymmetrical 
Bending. 
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Moment due to concentrated load = TFZ/4 = 600 X 192/4 = 28,800 in.-lb. 
Moment due to weight of purlin = Wl/S = (16 X 12.5) X 192/8 = 4800 in.-lb. 
Total moment = 33,600 in.-lb. 

Flexural Modulus Method ,—From Eq. (9) of Art. 72, the flexural modulus is 

_ 

lyy sin d + /xo; cos B 

Now Ix and ly are from tables 21.8 in.'* and 1.8 in.^, respectively. The 
coordinates of the fibre at A, which is the one under greatest compressive stress, 
are x =-|- 1.665 in. and ?/ =+ 3.0 in. For the point R, where the greatest 
tensile stress occurs, x = — 1.665 in. and y = — 3.0 in. The angle ^ = 60 deg. 
Hence, with respect to the point A 


_ 21.8 X 1.8 _ 

1.8 X 3.0 X 0.866 + 21.8 X 1.665 X 0.5 


1.72 in.3 


With respect to the point R, S' = — 1.72 in.® 

Hence, maximum fibre stress at A and B is, from Eq. (8) of Art. 72, so far as 
magnitude is concerned 

, M 33,600 

Je = ^ = per sq. m. 

Moment Resolution Method ,—Component of moment in plane of purlin web 
or about the axis of is 

Mx^ M^m 6 = 33,600 X 0.866 = 29,100 in.-lb. 

Component of moment at right angles to plane of web, or about the axis 
of 7, is 

= il/ cos ^ = 33,600 X 0.5 = 16,800 in.-lb. 


The fibre stresses, /x resulting from Afx, and fy resulting from My^ give for 
either the point A or the point B, the sum 




29,100 16,800 

7.3 1.1 


19,300 lb. per sq. in. 


This result, allowing for slide-rule error, is identical with that obtained by 
employing the flexural modulus, as it should be. 

96. Design of Purlin Subjected to Unsymmetrical Bending.—A channel 
purlin of 14-ft. span on a roof of J pitch carries a vertical uniformly distributed 
load of 70 lb. per lin. ft. and a uniformly distributed load of 80 lb. per lin. ft. 
normal to the roof. Sag or tie rods connect to the web of the purlin at mid span. 
Find the required size of the purlin. 

Permissible flexural stress, p/ = 14,000 lb. per sq. in., being fixed low to 
cover the indeterminate flange buckling effect. 

Assume the applied forces to act through the centre of gravity of the chan¬ 
nel. Assume that the supporting value of the sag rod is such as to give a coeffi- 
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cient for lateral moment at the sag rod connection 1 %^ of that arising in a continu¬ 
ous beam of two spans. Assume that the component of moment normal to 
the roof is taken by the purlin as a simple beam of 14-ft. span; that the compo¬ 
nent parallel to the roof is taken by the 7-ft. spans between the trusses and the 
centre tie rod, acting with the above indicated partial restraint at the tie rod, 
as indicated in Fig. 54(a). The tendency to buckle laterally on 7-ft. lengths 
is to be allowed for partly in the staying value of the roof covering and partly 
in low permissible flexural stress. The deflection is assumed not to be a deter¬ 
mining factor in this 
case. 

Component of ver¬ 
tical loading normal 
to roof = 70 cos a, 
where the a = angle 
of roof slope, or 26®- 
34', and component 
parallel to roof = 70 
bin a. These are re¬ 
spectively 70X0.8944 
= 62.6 lb., and 70 X 
0.4472 = 31.3 lb. per 
lin. ft. 

Moment in plane 
of purlin web is due 
to combined loading of 62.6 + 80 = 142.6 lb. per lin. ft. This is Mx = iX 
142.6 X (14)2 X 12 = 41,900 in.-lb. 

Maximum moment normal to plane of web, for a span of 7 ft. (see assump¬ 
tions), is My = iV X 31.3 X (7)2 X 12 = 1840 in.-lb. This occurs either as a 
positive moment about 2.7 ft. from a truss, or a negative moment at the tie-rod 
connection. The most serious combination of moments is at the tie-rod con¬ 
nection. 

Maximum compressive stress occurs at the upper left-hand corner A, Fig. 
54(6), and maximum tensile stress at lower right-hand corner B, 

Assume a 6-in., 8.2-lb. channel, with moments of inertia in plane of 
web = 13.0in.^ and ly normal to plane of web = 0.70 in.* Lateral distance 
from neutral axis to point A = 1.40 in. and to point B = 0.52 in. 

Compressive stress at point A due to moment M* = 41,900 X 3/13.0 = 9700 
lb. per sq. in. Due to My it = 1840 X 1.40/0.70 = 3680. Total compressive 
stress = 9670 + 3680 = 13,350 lb. per sq. in., which is within the allowable 
stress. 

Tensile stress at point B due to moment M* = 9670 lb. per sq. in. Due to 
My it is 1840 X 0.52/0.70 = 1370 lb. per sq. in. Total = 11,040 lb. per sq. in., 
or well under the prescribed 14,000 lb. sq. per in. 

The assumed section is, therefore, adequate. It could not, however, be 
reduced. 



Fig. 54.—Purlin Subjected to Unsymmetrical Bending. 
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97. Design of Floor Beam Subjected to Both Vertical and Lateral Loading. 

—^A floor beam of 15-ft. span is subjected to a vertical uniformly distributed load 
of 700 lb. per lin. ft. including its own weight and a resultant horizontal arch 
thrust of 800 lb. per lin. ft., assumed as applied at mid-height of the beam. 
The beam is divided into three 5-ft. segments by tie rods as shown in Fig. 55. 
Find the required section, p/ = 17,000 lb. per sq. in. 


Assume a 10-in., 25.4-lb. I for which the section modulus Sx about the 

horizontal axis OX is 24.4 






he Rod 



T/e Rod 



in.® and the section modulus 
Ny about the vertical axis OY 
is 3.0 in.® 

Centre of Span .—^Vertical 
moment at centre of span 


n r 


Fiu. 55.—Floorbcam Subjected to Both Vertical and 
Lateral Loading. 


lateral thrust i)er lineal foot and s 


nP 

^ 700 X (15)2 X 12 
8 

= 236,000 in.-lb. 


Horizontal moment at cen¬ 
tre of span, assuming the tie 
rods to afford unyielding lateral 
supports to the beam, if t — 
spacing of tie rods in feet 


My 


40 


800 X (5)^ X 12 
40 


6000 in.-lb. 


Maximum fibre stress in compression on fibre at A and in tension on fibre 
at Bf at mid-span 




236,000 6000 

+ -«.- = 9680 -f 2000 - 11,680 lb. per sq. in. 


24.4 


3.0 


Tie Rod Connection .—Vertical moment at a tie-rod connection 

MJ = \wh- \ ws^ = ^ X 700 X 15 X 5 - I X 700 X (5)® 
= 17,500 ft.-lb. = 210,000 in.-lb. 


Horizontal moment at the tie-rod connection, from theory of continuous 
beams 


My' 


ts^ 

10 


800 X (6)^ X 12 
10 


24,000 in.-lb. 
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Maximum fibre stress in compression on fibre at A* and in tension on fibre 
at B', at tie-rod connection 


f f \ f f _ I 

~ S s. 


210,000 24,000 


y 24.4 3.0 

= 8610 + 8000 = 16,610 lb. per sq. in. 

The beam is, therefore, more seriously stressed at the tie-rod connection 
than at the centre. The assumed section is sufficient. 

98. Reinforcement of Beam for Web Crippling. —A girder composed of 
two 15-in., 42.9-lb. I-beams, having a total reaction v>f 32,000 lb. is supported 
on the top of a 6-m., 27.5-lb. 

H-column, as shown in Fig. 

56. The height of the build¬ 
ing is increased and a 6-in., 

22.5-lb. H-column with a load 
of 35,000 lb. is seated on the 
top flanges of the beams di¬ 
rectly above the lower column 
section. Investigate the ver¬ 
tical web buckling stresses in 
the beams between the upper 
and lower column sections and 
recommend such reinforcement 
as may be necessary. 

Permissible vertical com¬ 
pressive stress in the web p^c — 

19,000 — 173 d/f lb. persq. in.. 










Fig. 56.—Reinforcement of Beam for Web Crippling 
where d = depth of beam and t = web thickness in inches. 


Assuming that the total vertical compression in the beam webs over the 
bearing is resisted by a length of 6 in., that is, the depth of the column section, 
j in Eq. (15) of Art. 72 thus being zero, a hypothesis on the side of severity, the 
comi)ressive stress on the webs is 




67,000 


2 X 6 X 0.41 


= 13,620 lb. \)QT sq. in. 


The maximum permissible compressive stress is 

Pvc ~ 19,000 — 173 X 15/0.41 = 12,670 lb. per sq. in. 

Hence the web is overstressed. 

As reinforcement, rivet two 6 X f-in. plates 12^ in. long on the web of each 
of the beams, with 6 rivets in each pair of plates as shown in Fig. 56. These 
do not need to be ground to fit the fillet, as they effectively increase the web 
thickness for buckling from fillet to fillet to 1.16 in. and in the very short unsup- 
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ported vertical zones at the edges of the fillets, the web can safely accommodate 
a pressure (bearing) of, say, 20,000 lb. per sq. in. 

With 5-in. vertical rivet pitch the |-in. plates are in no danger of lateral 
buckling. 

99. Reinforcement of Beam Web for Shear. —Near its left-hand end a 
beam is subjected to the vertical forces shown in Fig. 57. Investigate the 
shearing stresses in the web, and recommend any necessary reinforcement, it 
being assumed that a beam ^^ith a thicker web (which would afford a more 

economical solution of the 
problem) is not available. 

Permissible average 
shearing stress, p, = 12,000 
lb. per sq. in., where the 
clear distance c between 
its fillets is not over 50 
times the web thickness t. 
Permissible stress on fillet 
welds not over 6 in. 
long, subjected to parallel 
(longitudinal) shear per 
lineal inch = 500 6, where 
h — short side of the fillet 
triangle expressed in six¬ 
teenths of an inch. Per¬ 
missible stress is flexure, 
Pf — 18,000 lb. per sq. in. 

Vertical shear at a-a, the inner edge of the column cap, 10^ in. from the 
centre line of the lower column, is 

V = 335,900 - 100,000 - 1.75 X 1000 = 234,150 lb. 

As the ratio c/t for the beam indicated is 20.875/0.556 = 37.5, the permissi¬ 
ble shearing stress is p* = 12,000 Ib. per sq. in. 

Area of web required = lVp« = 234,150/12,000 = 19.52 sq. in. 

Area of web of 24 X 12-in., 120-lb. W.F. = 24.31 X 0.556 = 13.53 sq. in. 
This is insufficient. 

Area of reinforcing plates required = 19.52 — 13.53 = 5.99 sq. in. 

If a 20 X 5/16-in. plate were riveted to the web on each side, a gross area 
of 12.5 sq. in. would be added, and if adequately riveted would satisfy the 
requirements for both vertical and horizontal shear in the depth between the 
upper and lower horizontal lines of connecting rivets. Outside these rivet lines, 
that is in those portions of the web adjacent to the fillets, the shearing stress, 
both horizontal and vertical, in pounds per square inch may be found by applying 
Eq. (10) of Art. 72, 



Fig. 57.—Reinforcement of Beam Web for Shear. 
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The statical moment of the area of the beam on one side of the neutral axis and 
lying outside the beginning of the fillet, and neglecting the fillets, is 

Q = (12.088 X 0.930 X 11.690) + (0.556 X 0.785 X 10.832) = 136.0 in.® 

For the beam, 1 = 3635.3; and for two 20 X A-in. plates it is 2 X X 
X (20)® = 416.7. Hence total I = 4052.0, and the actual stress is 

= 136.0 X 234,150/(4052.0 X 0.556) = 14,110 lb. per sq. in. 
or more than the permissible stress. 

To meet this high stress, angles might be riveted to the inner face of the 
flanges and to the web, but this would introduce several objectionable features. 
Instead, the two i^-in. plates will be made 22| in. wide, so as to fit, with a small 
clearance, between the flanges, to which they will be welded by horizontal fillet 
welds. Fillers, 2 O 4 X if hi., will be used under the reinforcing plates. 

The average shearing stress, vertical and horizontal, throughout the clear 
depth between the flanges is then, adding the section of the reinforcing plates 
to the whole web section. 


ftid 


234,150 


(13.53 + 13.98) 


8520 lb. i)er sq. in. 


As the vertical distance between fillet welds will be about 22 in., the hori¬ 
zontal shear per lineal inch to be transferred to top and bottom flanges by the 
two reinforcing plates will be 234,150/22 = 10,660 lb. diminished by whatever 
shear the web can carry. Neglecting fillets, this is 0.556 X 12,000 = 6680 lb., 
and hence the welds at the top and bottom must resist 3980 lb. per lin. in. 

If -^-in. single fillet welds 6 in. long and separated by gaps of about 1 in. bo 
used, the shear borne by each 6 -in. length of fillet would be 7 X 3980/2 
= 13,930 lb. The shear per liiu'al inch of fillet w^ould then be 13,930/6 = 2320 lb. 
As the safe strc'ss is 500 h = 500 X 5 = 2500 lb., the proposed welding is ade¬ 
quate. 

It will be ample, and much in exce.ss of requirements, if, beyond the centre 
of the concentrated load, the reinforcing plates are extended a sufficient distance 
to develop the flexural strength of the plates working at a stress proportionate 
to the distance of their edges from the neutral axis of the beam. Their moment 
of resistance, Eq. (4), Art. 72, is 

Mr = 

The section modulus of the two plates being 18 = f X 0.625 X (22.375)®== 
52.2 in.®, Mr = 52.2 X 18,000 X 11.19/12.16 = 863,000 in.-lb. 

Aggregate length of weld for the top and for the bottom, assuming a safe 
value of 2500 lb. per lin. in., would be 

, 863,000 ,, ^ . 

I ^ -:- = 15.7 in. 

22 X 2500 


The plates will be carried lOi in. past the centre of the column, and 18 in. 
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of intermittent welding top and bottom will be employed, as compared with 15.7 
in. required. The excess will more than allow for crater effect. 

The stiffeners under the supported column will be ground to fit over the 
welds. 

In certain cases, as in grillage beams, the maximum stresses due to the 
combination of shear and flexural stresses should be determined by the use of 
Eqs. (24) and (25) of Art. 72. In the present instance this is scarcely necessary, 
as the margin between existing and permissible shearing stress is wide. 

100. Design of a Multiple-Section Lintel Carrying Brick Wall. —A solid, 
well-seasoned 13^-in. brick wall (Toronto brick standards) weighing 125 lb. 
per cu. ft. is to be carried over a clear opening of 16 ft. There is ample mass of 
brickwork at either end of the span to withstand any probable thrust. The 
lintel must be covered by brickwork on its outer face, but may be exposed in the 
inner face. Design a section. 

P/ = 16,000 lb. per sq. in. Shearing and web buckling stresses may be 

neglected (they are 
generally negligible 
for lintels). Minimum 
depth to obviate 
cracking of brickwork 
= Z/25. 

The brickwork 
sui)ported will be a 
triangular mass hav¬ 
ing a maximum height 
of, say, one-half the 
centre-to-centre span 
= 8.5 ft., if the centre- 
to-centre span be 
taken as 17 ft. The 
weight of the wall per sq. ft. = 125 X 13.5/12 = 140.5 lb. Weight of the 
supported mass of brickwork is Wi = 140.5 X 17 X 8.5/2 =10,150 lb. 

Moment arising from triangular mass of brickwork. 


>1 



Ml = 


6 


10,150 X 17 X 12 
6 


345,100 in.-lb. 


If the weight of the lintel, including the shelf angle (Fig. 58) on the outer 
face, separators, bolts, etc., be assumed as 40 lb. per lin. ft., the moment due 
to this is 


M, 


40 X (17)^ X 12 
8 


17,340 in.-lb. 


Total moment 


M Mi + Mi = 345,100 + 17,340 = 362.440 in.-lb. 
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Section modulus required is 


S = 362,440/16,000 = 22.7 in.* 

In selecting a section the depth must not be less than 17 X 12/25 = 8.2 in. 
The 4 X 4 X shelf angle riveted along the bottom of the outer face is not 
counted upon as contributing to the flexural value of the lintel. 

Two 10-in., 15.3-lb. channels with section modulus provided amounting to 
5 = 2 X 13.4 = 26.8 in.* will suffice. A lighter section would not do. 

The channels will be placed with their flanges inwards and spaced 8f in. back 
to back, as shown in Fig. 58. The shelf angle will be riveted to the outer chan¬ 
nel by rivets about 18 in. apart. Gas pipe separators in one tier spaced approx¬ 
imately 3 ft. apart will be used, as shown in Fig. 58. 

101. Sufficiency of I-Beam Subjected to Flexure and Torsion.—A 10-in., 
25.4-lb. I-beam of 15-ft. span, web connected at both ends, carries a 4500-lb. 
load at each third-point, applied in each case by a hanger bolt through the 
flanges, located If in. from the central plane of the web, as shown in Fig. 59. 
The two loads are on the same side of the web. Report on the shearing and 
flexural sufficiency of the beam 

neglecting the effect of the bolt 'r -"-H 'H 

holes. ^ 


Fig. 59. —I-Beam Subjected to Flexure and Torsion. 


neglecting the effect of the bolt 'r -"-H 'n ^'5 

holes. 

Permissible stresses in shear 

and flexure, Pa = 12,000 lb. per I § | jg t 

sq. in., and p/= 18,000 lb. per • 

sq. in., respectively. i 

Shear ,—Shearing stresses _ ^ 

are produced on the beam sec- 59-I-Beam Subjected to Flexure and Tondon. 

tion by both the vertical sharing force and the torsional moment. 

The maximum (end) vertical shear is 4500 -h 25.4 X 7.5 = 4690 lb. This 
produces an average shearing stress in the web, according to Eq. (11) of Art. 72, 
of 4690/10 X 0.31 = 1510 lb. per sq. in. Under the common assumption the 
vertical shearing stress in the flange is negligible. 

The torsional moment, constant in the end thirds of the span, is T = 4500 
X 1.375 = 6190 in.-lb., but it is zero in the middle third. 

On the basis of experimental investigations (Young and Hughes—Torsional 
Strength of Steel I-Sections, Bulletin 4, Section 3, School of Engineering Re¬ 
search, University of Toronto), the maximum torsional shearing stress in the 
web of a standard I-beam may be found from the formula 

2 Tt/dV^ 


and the maximum torsional shearing stress in the flange from the formula 


2 Tt7d 
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where the effective polar moment of inertia is 


J' = 


(' 


0.40 + 0.017 



(3) 


and t' is the average thickness of tlio flange. 

In the present case, t — 0.31 in., d — 10 in., and = 3.1 sq. in. Con¬ 
sequently 

J' = I 0.40 + 0.017 X Vl‘“ = 3.7 in.'* 

V 0.31/ 

Therefore, for T = G190in.-ll). 


Qmw 


2 X 0190 X 0.31/ 10 y 
3.7 \0.31/ 


4930 lb. per sq. in. 


Similarly, from Eq. (2) of this article the maximum torsional shearing stress 
in the flange, the average thickness of the latter being 0.50 in., is 


Qm/ ~ 


2 X 0190 X 0.50 / 10 
3.7 \0.31/ 


7950 lb. ])er sq. in. 


The maximum combined shearing stress on a vertical section of the web is, 
therefore, 1510 + 4930 = 0440 lb. jier sep in., or little more than on(‘-haIf the 
permissible stress. 

The maximum shearing stress in the flange, 7950 lb. per sep in., is also well 
within the i)rescribed limit. 

Flexure .—At the centre of the span the vertical moment due to th(‘ w(*iglit 
of the beam is 25.4 X (15)^ X 12^ 8 = 8570 in.-lb. Due to the concentrated 
loads the moment is 4500 X 5 X 12 = 270,000 in.-lb. Total vertical moment 
= 278,570 in.-lb. 

Extreme fibre stress due to this vertical moment is, from Eq. (3) of Art. 72, 



278,570 

24.4 


11,420 lb. per sq. in. 


An effect of the torsion is to create a transverse moment in each flange 
having the same amount as would arise from the application of two lateral 
forces to the flange at the loading points, each amounting to 



where d' = distance between centres of flanges. As d' = approximately 9.5 in., 
Q = 0190/9.5 = 052 lb. 

If flexural restraint of the end connections be neglected, the lateral moment 
in each flange is Q X 5 X 12 = 39,120 in.-lb., it being in opposite directions in 
the two flanges. If it be resisted wholly by the flange, which has an approximate 
lateral section modulus of ^ X 0.5 X (4.60)^ = 1.81 in.^, the lateral flexural 
stress is/z = 39,120/1.81 = 21,600 lb. per sq. in. 
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The maximum compressive fibre stress and the maximum tensile fibre stress 
will each be 

fv -hfi = 11,420 + 21,600 = 33,020 lb. per sq. in. 

The section is, therefore, overstressed in flexure. One with a broader flange 
and a thinner web would be more efficient. 

102. Design of Wall Girder Subjected to Eccentric Loading. —A wall 
girder of 18-ft. span supports a 12-in. brick wall, eccentrically placed with 
respect to the girder, and also a 10-in. strip of a ribbed concrete floor, as shown 
in Fig. 60. The weight of brick and concrete within the limits of the 12-in. wall 
thickness is 800 lb. per lin. ft. and the weight of the 2-in. floor slab plus the l|-in. 
floor finish plus the live load on the slab is 120 lb. 
per sq. ft. Design a girder to consist of a wide- 
flange beam with a plate riveted eccentrically to 
the bottom flange. 

Permissible stresses in combined vertical and 
torsional shear, and in combined vertical and 
torsional flexure, where the construction prevents 
free torsional defonnation, will be taken as p/ 

= 18,000 and p/ = 27,000 lb. per sq. in., respec¬ 
tively. The section shall, howwer, be sufficient 
to resist the vertical shear and the vertical mo¬ 
ment only at Pa = 12,000 and pf = 18,000 lb. 
per sq. in., respectively. 

Vertical Load .—An estimate of the vertical load, in pounds per lineal foot 
of girder, assuming the girder to be of the section showm, would be as follows: 


Weight of brick and concrete within the 

12-in. thickness of wall . 800 

10-in. strip of floor slab, finish and floor live load, yf X 120.. 100 

Concrete bracket, at 145 lb. ]x}r cu. ft. 8 

Assumed weight of girder . 50 

Total. 958 


Total load on girder = 18 X 958 = 17,240 lb. 

The eccentricity of loading may be found by taking moments as follow^s about, 
say, the outer face of the w^all, assuming the floor-slab reaction to be applied 
at the middle of the bracket projection: 

Wall, 800 X 6 

Floor and live load, 100 X 12.75 
Bracket, 8 X 12.5 
14-in., 34-lb. W.F., 34 X 8.5 
10 X l-in. plate, 12.8 X 6.9 

6552 


= 4800 
= 1275 
= 100 
= 289 
= 88 



Fig. 60 .—Wall Girder with 
Eccentric Loading. 
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Distance of centre of gravity from outer face of wall = 6552/958 = 6.84 in. 
Eccentricity of load with resi)ect to centre of I-beam = 8.50 — 6.84 — 1.66 in. 
Moments, —The maximum vertical beam moment is 

M = i X 958 X (18)2 X 12 = 466,000 in.-lb. 

The torsional moment, or torque, is a maximum at the supports. Assuming 
for the time being that free torsion is possible, it is ecjual to half the load multi¬ 
plied by the eccentricity, or 

17 240 

T = — X 1.66 = 14,300 in.-lb. 

2 

Shearing Stresses, —Average stress in the web, having thickness due to the 
end vertical shear is, from Eq. (11), Art. 72, 

. y 8620 

•' dt 14 X 0.287 ^ ^ 

The torsional shearing stress in both web and flanges will be calculated by a 
method alternative to that of Art. 101, based on Foppl, and suggested by L. B. 
Tuckerman {Engineering News-Record, Nov. 27, 1924, p. 882). In accordance 
with this, the maximum shearing stress in the web is approximately 

T 

qmw = — ( 1 ) 

where S^ is the web stress factor and is given by the relation 

S„ = ^- ( 2 ) 

J being the torsional stiffness factor.^^ 

A comparatively simple expression for J for I-beams devised by W. B. Camp¬ 
bell {Engineering News-Record, Oct. 11, 1928, p. 541) from tests on 16 beams, 
which also applies fairly well to wide-flange beams, is 

J = 0.4 dt^ + 0.1(m + ny{h - t) (3) 

In this, m = thickness of flange at the point where the inner plane of the flange 
would, if produced, cut the face of the web; n = thickness of flange at its edge, 
and h = flange breadth. 

Neglecting the effect of the 10 X f-in. plate in stress calculations, we find 

/ = 0.4 X 14 X (0.287)3 -f 0.1(0.906)3(6.46) = 0.614 

Hence, from Eq. (2) above, Sw = 0.614/0.287 = 2.14 
The maximum torsional shearing stress in the web is then 

qmw = 14,300/2.14 = 6680 lb. per sq. in. 

The total combined shearing stress in the web is, therefore, 2141 + 6680 
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*8821 lb. per sq. in., which is much below the permissible limit, for either free 
or partially restrained torsion. 

Although there is no appreciable stress in the flanges due to vertical shear, 
the maximum torsional shearing stress may be large. It may be expressed 
approximately as 

W = ^ (4) 

where S/ = the “ flange stress factor ” and is 

^ (5) 


t' being the average thickness of the flange. 

In the present case, Sf = 0.614/0.453 = 1.355, and q^f = 14,300/1.355 = 
10,540 lb. per sq. in., which is within the safe limit, even for free torsion. 

Flexural Stress .—Owing to the vertical moment the flexural stress at mid¬ 
span is 


^ M 466,000 
S 48.5 


9600 lb. per sq. in. 


The torque at each support may be considered as resisted by a couple Qd\ 
as in the problem of Art. 101. Since d' = distance between centres of flanges 
= 14.00 - 0.45 = 13.55 in., Q = 14,300/13.55 = 1055 lb. 

To produce Q = 1055 lb. at each end of a flange, there must be a virtual 
horizontal load of 1055/9 = 117 lb. per lin. ft. The lateral moment from this 
is, for each flange. 

Ml == i X 117 X (18)2 X 12 = 56,900 in.-lb. 

If the lateral moment is resisted by half the section, then 
, 56,900 

fi = - = 18,050 lb. per sq. in. 

3.15 

The total combined flexural stress is then /t,+/z = 9600 + 18,050= 
27,650 lb. per sq. in., compared with a permissible stress of 27,000 lb. per sq. in. 
for combined vertical and torsional flexure. This is sufficiently near the require¬ 
ment. The stress due to vertical moment only is well within the prescribed limit 
of 18,000 lb. per sq. in. 

It is of interest to note that the section is determined not by combined shear¬ 
ing stress by by combined flexural stress. 

103. Design of Steel Grillage Footing. —A steel column delivers to the 
2 ft. square steel plate base on which it rests, as indicated in Fig. 61, a maximum 
load of 250 tons. The footing under the base is to be of the steel grillage t 3 rpe, 
with the limitation that it cannot be over 6 ft. 8 in. wide in one direction. Design 
a 2-tier rectangular grillage footing to meet the situation. 

Safe soil pressure, 5 tons per sq. ft. Permissible flexural stress on encased 
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beams, p/ = 20,000 lb. per sq. in. Permissible shearing stress on beam webs. 
Pa = 13,000 lb. per sq. in. Permissible stress in diagonal web compression, 
Pdc = 19,000 — 155 d/t and permissible stress in vertical web compression, 
p.^ =- 23,000 — 220 d/i lb. per sq. in., d being depth of beam, and t the web 
thickness. Length of web resisting vertical compression will be taken as the 
length of applied load, o; that \& j in Eqs. (15) and (16), Art. 72, =0. 

Let the weight of the footing, including the steel plate column base, be 8 tons. 
Total load on the soil — 250 -f- 8 = 258 tons. 

Required area of footing in contact with soil = 258/5 = 51.6 sq. ft. Use 
a footing 6 ft. 8 in. X 7 ft. 9 in., having an area of 51.7 sq. ft. 

Upper Tier .—The beams of the upper tier being fewer in number than 
those of the lower tier, and consequently deeper and stiffer, should run in the 



long direction of the footing. Allowing for 4-in. concrete encasement of all 
metal, as shown in Fig. 61, these beams will be 7 ft. 1 in. long. 

Consider the beams of the tier as one girder. Disregard the weight of the 
footing and steel base in calculating stresses and consider the cantilever span 
of the beams on either side of the steel base as (85 — 24)/2 = 30.5 in., thus 
neglecting the effect of the encasement, except in the prescription of allow^able 
working stresses. 

Upw^ard reaction on upper tier per lineal inch of tier = 250 X 2000/85 
= 5880 lb. 

It being possible for curvature of the central l^eam of the upper tier to develop 
throughout its length, the maximum moment will be assumed as occurring at 
the center of the column. Neglecting the effect of the beam weight, it will be 

ilf = 1 1 X 5880 X (42.5)2 = 5,315,000 in.-lb. 

Section modulus required 



5,315,000 


265.7 in.3 


20,000 
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Three 18-in., 54.7-lb. I^s with a combined S of 265.2 would satisfy the require¬ 
ment of flexure. Three beams are preferable to more by reason of the greater 
rigidity, while two would require a deeper footing and would necessitate very 
heavy webs to resist web compression. Standard beams are, in general, more 
satisfactory for grillages than wide-flange beams because of their relatively 
thicker webs. The narrower flanges also facilitate encasement. 

The beams of the tier should be tested for shear and web compression. 

Maximum vertical shear through the upper tier is at the edge of the plate 
base and is 5880 X 30.5 = 179,400 lb. The average intensity of shearing stress 
on the beam webs, from Eq. (11) of Art. 72, is 


r _ 179,400 

~ 3 X 18 X 0.46 


7220 lb. per sq. in. 


As Ps = 13,000 lb. per sq. in., the webs are safe in vertical or horizontal shear. 

The maximum existing diagonal shearing stress arises at the beginning of the 
fillet, and will be computed from Eq. (25) of Art. 72, that is 

Without appreciable error fa may be taken as the average shearing stress, 
that isfaa = 7220 lb. per sq. in. 

At the edge of the base plate the moment on the upper tier is 

Me = ^ X 5880 X (30.5)2 = 2,740,000 in.-lb. 

and the flexural stress at the extreme fibre is 2,740,000/'265.2 = 10,310 lb. per 
sq. in. At the beginning of the fillet, which is 7.63 in. from the neutral axis, 
it is ff - 10,310 X 7.63/9.0 = 8750 lb. per sq. in. 

The maximum diagonal shearing stress is, therefore, 

/^ max. = {(7220)2 -f- J (8750)2 = 8440 lb. per sq. in. 

which is also within the allowable limit. 

The maxium existing diagonal compressive stress, which also arises at the 
beginning of the fillet, is, according to Eq. (24) of Art. 72, 

/n max. = h ff + 

= I X 8750 + {(7220)* + i(8750)*}'^ = 12,815 lb. per sq. in. 

The permissible diagonal compressive stress is 

Pdc = 19,000 155 X 18/0.46 = 12,940 lb. per sq. in. 

and hence the webs are adequate for this stress. 

The maximum existing vertical compressive stress in the webs under the plate 
base, according to the specification, is, from Eq. (15) of Art. 72, 


fvc — 


500,000 
3 X 24 X 0.46 


15,100 lb. per sq. in. 



108 


ELEMENTARY STRUCTURAL PROBLEMS 


As the permissible stress in vertical compression is 

18 

pvf = 23,000 — 220 X-= 14,400 lb. per sq. in. 

0.46 


the webs are, therefore, inadequate in vertical compression. 
Assuming three 18-in., 60-lb. I's for the upper tier 


and 


fvc — 


500,000 
3 X 24 X 0.55 


12,620 lb. per sq. in. 


Pvc = 23,000 - 220 X 18/0.55 = 15,800 lb. per sq. in. 


These beams are then adequate for moment, shear and web compression. 

Bottom Tier .—Whereas those beams of the lower tier that lie in the belt 
directly under the column shaft are necessarily kept from curving upward in 
about the central 14.7 in. of their length, those beams of the tier that lie outside 
the column shaft can curve upward throughout their length. For these the max¬ 
imum moment will be at the centre. For uniformity the whole tier will be as¬ 
sumed to have its maximum moment at the centre. 

To the left of the centre of the footing, the upward load on the lower tier, 
uniformly distributed, amounts to a total of 250,000 lb., neglecting the effect of 
the weight of the beams themselves. The downward weight from that portion 
of the upper tier to the left of the centre is also 250,000 lb. Hence, the moment 
at the tier centre is 


M = 250,000(18 - 6) = 3,000,000 in.-lb. 

Section modulus required, 

S = 3,000,000/20,000 = 150.0 in.^ 

Try 10 lines of 8-in., 20.5-lb. I's, with an aggregate section modulus of 
10 X 15.1 = 151 in.3 

Maximum shear through tier = 500,000 X 24/72 = 166,700 lb. Average 
vertical or horizontal shearing stress on beam webs, Eq. (11), Art. 72, is 

, 166,700 

faa = —- - - —- = 5950 lb. per sq. in. 

10 X 8 X 0.35 ^ * 


which is within the limit of 13,000 lb. per sq. in. 

At the edge of the upper tier the moment in the lower tier is 

500 000 

Me = h X ^— X (24)2 = 2,000,000 in.-lb. 

I u 


and the flexural stress at the beginning of the fillet of one of the 8-in. beams is 


// = 


3.125 2,000,000 

- 


10,340 lb. per sq. in. 


4 


151 
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Combining with this the average vertical shearing stress in the web, the 
maximum diagonal shearing stress is 

/. m«. = {(5950)* + i(10,340)* 1 ^ = 7885 lb. per sq. in. 
which is safe. 

The maximum existing diagonal compressive stress is 

= 10,340 + {(5950)* + 1 (10,340)* 

= 13,055 lb. per sq. in. 

as compared with a permissible stress of 

Pdc = 19,000 — 155 X 8/0.35 = 15,460 lb. per sq. in. 

The webs of the beams of the lower tier receive compression from the flanges 
of the beams of the upper tier. Each beam web resists the compression from 
the upper tier in three zones, each of a length that will be assumed as equal to 
the flange width of an 18-in., 60-lb. I, or 6.09 in. If the upper tier is assumed to 
distribute its load equally to all beams of the lower tier, then the maximum 
vertical compression in the webs of the beams of the lower tier is 



500,000 

3 X 10 X 6.09 X 0.35 


7820 lb. per sq. in. 


The maximum permissible vertical compressive stress is 

Pvc = 23,000 — 220 X 8/0.35 = 17,970 lb. per sq. in. 

The clear spacing between flanges of the beams of the lower tier is 
(85 — 10 X 4.08)/9 = 4.91 in., which gives sufficient clearance for effective 
concreting. 

Ten lines of 8-in., 21-lb. W.F.^s would also be satisfactory for the lower tier. 

Channel or built-up separators are employed to hold the beams of the upper 
tier to their proper spacing and gas-pipe separators are employed for a similar 
purpose for the lower tier. 

104. Design of Interior Floor Panel with Concrete Joists and Steel 
Girders.—Design a 17 X 19 ft. 5f-in. interior floor panel of a steel building 
with concrete joists and steel girders for a live load of 75 lb. per sq. ft. The 
girders run in the long direction, as shown in Fig. 62. 

A 2-in. concrete floor slab, constituting flange material for the joists, will 
be used. Upon it will be placed a 3§-in. thickness of light-weight-aggregate 
concrete weighing 90 lb. per cu. ft. in which conduits will be embedded. Over 
this will be a li-in. granolithic surfacing. Suspended from the joists will be a 
ceiling weighing 8 lb. per sq. ft. Removable metal forms with a top width, for 
the straight units, of 19 in. and a bottom width of 20.5 in. will be employed. 

Joists are to be calculated for a maximum positive central moment of wl^ 
and a maximum negative moment at supports of wl^y where w = uniformly 
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distributed load per unit of span length and I = the effective span. Girders and 
tie beams are to be considered as simply supported. 

Permissible stresses on concrete with a crushing strength of 2000 lb. per 
sq. in. at an age of 28 days: flexural compression, pc = 800; flexural compres¬ 
sion at face of supports, p/ = 800 -|- 15% = 920; shear, where tension steel is 
adequately anchored, pa = 60 lb. per sq. in. Ratio of moduli of elasticity of steel 
and concrete, n = 15. 

Permissible tension on reinforcing steel (hard or intermediate grade), pt 
= 20,000 lb. per sq. in. 

Permissible stresses on structural steel: flexure, p/ = 18,000; shear (where 
ratio of depth of web between fillets to web thickness is not over 50), p« = 12,000. 

Floor Slab .—Under uniformly distributed load, the slab must carry, including 
its own weight, the following loading: 

Live load. 75 lb. per s(p ft. 

1 | in. granolithic finish. 18 lb. per sq. ft. 

3^ in. light concrete. 26 lb. per sq. ft. 

2 in. slab. 25 lb. pvr sq. ft. 

Total. 144 lb. per sq. ft. 


The effective span, assmning simple support, will be the top width of the 
form plus, say, 2 in., or 21 in., approximately. 

In a 1-ft. strip of slab, the moment is then 

M = I X 144 X (1.75)2 X 12 = 662 in.-lb. 


The required depth from the top of the slab to the centre of the reinforcing 
is, from the theory of reinforced concrete. 



( 1 ) 


For the materials and stresses prescribed, the value of R for balanced reinforce¬ 
ment is 131, so that 



0.65 in. 


Adding 0.75 in. as the distance from the centre of steel to the bottom of the 
slab, a total thickness of only 1.4 in. would be required. However, since the 
actual live load will generally be ai)plied in the form of concentrations, and since 
great precision in concrete construction is not possible, the 2-in. slab assumed 
will be adopted. 

The area of reinforcement per foot width of slab will be 


At = 


M 

Ptjd 


( 2 ) 
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in which the approximate value of 0.875 may be assigned to j, and d should be 
given the actual constructed value, or 2 — 0.75 = L25 in. Hence, 

. 662 

At --- 0.03 sq. m. 

20,000 X 0.875 X 1.25 ^ 

A mesh material, yielding at least this area on a section at right angles to the 
direction of the moment, and preferably somewhat more, to look after concen¬ 
trations of loading, may be used. An equal area on a section transverse to the 
joists should be provided in order to provide against shrinkage stresses. 

Concrete Joists .—^Each concrete joist carries a uniformly distributed load due 
to dead load and live load, plus a small central concentrated load arising from 
the weight of a portion of the central transverse bridging rib, shown in Fig. 62. 

Assuming joists 5 in. wide at the bottom, 10 in. deep below the slab, 6^ in. 
wide at the junction with the slab and 25^ in. centre to centre, the uniformly 
distributed load, including 8 lb. per sq. ft. for a suspended ceiling, but exclusive 

n y in 

of that due to the bridging joist, is 2.13(144 + 8) + - -^-X 150 

144 

= 384 lb. per lin. ft. 

Assuming the section of the bridging joist as the same as that of the main 
joists, there will be an additional central load on each main joist due to a net 
length of 19.75 in. of a reinforced concrete stern 10 in. deep and averaging 5.75 in. 
in width. This amounts to 


P = H2ii:I^X 1^:^X 150 = 100 lb. 


144 


12 


As this is a small quantity, its moment effect may be looked after by increasing 
it 50% and adding the load so augmented to the total uniformly distributed load 
when calculating both the maximum positive and maximum negative moments. 

The effective span of the joists, they being restrained at the ends, may be 
taken as the clear distance between the concrete encasements of the top flange 
of the girders, or 17 ft. 0 in. less 1 ft. 1 in., that is 15 ft. 11 in., or 15.94 ft. 

The total equivalent uniformly distributed load borne by a joist is, then. 


W = (384 X 15.94) + 1.5 X 100 = 6270 lb. 


The maximum moment is 

M = =b iV X 6270 X 15.94 X 12 = 100,000 in.-lb. 


The maximum end shear for a joist is 

F = i X 15.94 X 384 -f- i X 100 = 3110 lb. 

Flexure in Concrete Joists, Approximate Method .—^Anticipating the fact that 
the neutral axis of the joist lies below the slab, and that, therefore, a true T-beam 
exists, an approximate design may be conveniently made by assuming the centre 
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of compression as at the mid-depth of the slab. 


The moment arm is conse- 


(3) 


and if the distance from the centre of steel to the bottom surface of the concrete 
is 1.5 in., jd = (2 + 10 — 1.5) — 1 = 9.5 in. 

Area of steel required is, from Eq. (2) above, 100,000/20,000 X 9.5 = 0.53 
sq. in. This might be met by assigning one |-in. round rod and one J-in. square 
rod, giving a provided area of 0.55 sq. in. The |-in. round would be bent up 
and carried over the support at the top to a point about 4.5 ft. past the centre 
of the girder into the adjacent spans, lapping similar rods coming from these 
spans. The reinforcement for the end negative moment is thus 2 X 0.30= 
0.60 sq. in. 

The sufficiency of the concrete in compression at mid-span may be tested 
also by the approximate theory. Considering the compression as taken wholly 
by the flange, with a breadth 5, the compressed area is ht and the average stress 
in the flange at mid-span is 



M 

ht(d — 2 t) 
100,000 

25.5 X 2 X 9.5 


206 lb. per sq. in. 


(4) 


So long as the neutral axis lies in the stem, the maximum stress is less than 
twice this amount, or less than 412 lb. per sq. in., and hence far below the per¬ 
missible limit. 

Where the end moment is the same as the moment at mid-span, obviously 
the critical section for compression in the concrete is at the face of a support, 
since the flange is on the tension side and the joist becomes practically a rectan¬ 
gular beam with a breadth b = 5 in. at the most highly compressed surface. The 
extreme fibre stress is, then, from the theory of reinforced concrete. 


2M 

jkbd^ 


(5) 


Assuming that j = h k = i and d = 10,5 in. (as at mid-span), this gives 


_ 2 X 100,000 

0.875 X 0.375 X 5 X (lO.S)^ 


1110 lb. per sq. in. 


Since the permissible flexural compressive stress at the face of supports is 
only 920 lb. per sq. in., the joists will need to be widened at the supports, or 
compressive reinforcement inserted. The first method will be adopted as the 
more convenient in this case. 

If the flexural stress is to be reduced to below 920 lb. per sq. in., the breadth 
of the joist should be increased at the bottom to 5 X 1110/920 = 6 in. 

It appears that, on the basis of the approximate method, to achieve this 
any standard metal form may be used that gives a bottom width of joist of not 



114 


ELEMENTARY STRUCTURAL PROBLEMS 


less than 6 in. at the support, tapering down to 5 in. at a point not closer than 
2 ft. 6 in. to the end of the effective span. 

Flexure in Concrete Joists, Exact Method, —Proceeding by the more exact 
theory of reinforced concrete, the value of the moment arm, jd, is found to be 
9.75 in., as against 9.5 in. used above. The revised area of steel required is 
0.51 sq. in., as against 0.53 sq. in., and the average compressive stress in the 
flange of the T-beam at mid-span is 353 lb. per sq. in., as compared with 206 lb. 
per sq. in. At the sui)port the comi)ressive stress at the extreme fibre of the 
under side of the beam for a bottom width of 6 in. is 938 lb. per sq. in., as against 
920 permitted. 

The only revision of design necessary would, therefore, be a slight widening 
of the beam at the support to, say, 62 iu. 

Shear in Concrete Joists. —As has been found above, the end shear in a joist, 
neglecting the taper at the ends, is 3110 lb. Adding the weight of the additional 
material required for the taper, F = 3110 + 20 = 3130 lb. The shearing stress 


on the composite section is 



(5) 


or 3130/6.5 X 0.877 X 10.5 = 52 lb. per sq. in. While shear reinforcement is, 
consequently, not necessary, the |-iii. round rod will be bent up at 30 deg. at 
each end and carried into the adjacent spans as shown in Fig. 62, thus giving 
additional security. 

Tie Beams. —In order to stay the steel columns laterally in the direction of 
the joists, and also to serve as a joist, a steel tie beam encased in concrete will 
be used. 

So long as the columns are straight and the eccentricity of loading in the 
direction of the stay or tie member is not great, the axial load in the tie beam 
will be very small (see Art. 46). Any steel section with a slenderness ratio l/r 
not over 130 will be ample. For example, an 8 X 6.5, 24-lb. W.F. with a slender¬ 
ness ratio of 204/1.61 = 127 and an area of 7.06 sq. in. will at a working com¬ 
pressive stress of, say, 9000 lb. per sq. in. (the A.I.S.C. column formula would 
permit 9490) resist safely over 60,000 lb., or far more than would be necessary 
to preserve column alignment. 

Let the assumed steel section be encased as shown in Fig. 62, giving a width 
of encasement at the bottom and at the under side of the slab of 9.5 and 10.75 in., 
respectively. The standard metal forms used elsewhere may be used to form 
the space between this encased beam and the adjacent concrete joist. 

The transverse load borne by the tie beam, exclusive of the steel section and 


its haunching, is as follows; 

Live load. 75 lb. per sq. ft. 

Granolithic finish. 18 lb. per sq. ft. 

light-weight concrete. 26 lb. per sq. ft. 

Ceiling. 8 lb. per sq. ft. 

2 -in. slab. 25 lb. per sq. ft. 


152 lb. per sq. ft. 


Total 
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The weight of the steel section and the haunching (without deducting the 
volume of concrete replaced by the steel sectioh) is 24 + |(9.50 X 10.75) X 8.5 
X 150/144 = 114 lb. per lin. ft. 

Total uniformly distributed load on the beam, the width served being 
2.30 ft., is 

w = 152 X 2.30 + 114 = 464 lb. per lin. ft. 


At the centre, a weight of P = 100 lb. is received from a 19.75-in. length of 
the transverse bridging joist. For a simply supported beam the equivalent 
uniform load so far as producing moment is concerned is 200 lb. 

The steel beam being riveted to the column, the effective span is 17 ft., and 
hence the total equivalent uniformly distributed load is 

W = (464 X 17) -h 200 = 8100 lb. 

The maximum moment is 


M = lx 8100 X 17 X 12 = 206,300 in.-lb. 
The maximum shear is 

7 = 1 X 17 X 464 + I X 100 = 3995 lb. 


Considering the lever arm of the resultant compression and the resultant 
b'lision as the distance from the mid-thickness of the slab to the mid-thickness 
of the lower flange of the I-beam, jd = 8.0 — 0.20 = 7.8 in. 

If only the bottom flange be regarded as tension reinforcement of the com- 
])osite section. At = 6.5 X 0.398 = 2.59 sq. in. The stress in it would then be 


206,300 
2.59 X 7.8 


10,210 lb. per sq. in. 


which is within the prescribed limit. 

Applying Eq. (4) of this article, the average stress in the concrete flange is 


fca 


206,300 

29.75 X 2 X 7.8 


= 444 lb. per s(i in. 


By the simple test of taking about the under surface of the slab the relative 
statical moments of the 29.75 X 2-in. flange and the transformed area of the 
steel section, or 7.06 X 15 sq. in., it is seen that the neutral axis of the composite 
sec tion lies well within the stem. Consequently, even neglecting the compressive 
value of the toj) flange of the steel section, the maximum stress in the concrete 
is substantially less than 2 X 442 = 888 lb. per sq. in., and within the pre- 
scril)ed limit. 

The stress due to the small probable axial load on the section may be safely 
superimposed on those due to flexure. 

A mental calculation indicates that the end shear is well within the capacity 
of the I-beam web. 

Bridging Joist .—With a view to distributing possible concentrated loads 
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amongst the various joists, a transverse bridging joist, of the same dimensions 
as the main joists, will be run across the panel at the middle of the 17-ft. span. 
It will be reinforced with two J-in. square straight rods. 

Girders .—The load borne by a girder may be considered as uniformly distrib¬ 
uted. It is as follows: 


End shear from joists, 2 X 3130/2.13 
Live load, floor finish, filling and 2-in. slab 
for a 13-in. strip = 144 X 1.08 
Concrete encasement of top flange of girder 
10 X 13 X 150/144 

Gypsum fireproofing of web and bottom 
flange, including plaster 
Steel girder, assumed 


2937 lb. per lin. ft. 

156 lb. per lin. ft. 

136 lb. per lin. ft. 

42 lb, per lin. ft. 
64 lb. per lin. ft. 


Total 


3335 lb. per lin. ft. 


The conventional span used in design being 19.48 ft., the distance centre 
to centre of columns, the moment is 

Af = I X 3335 X (19.48)2 X 12 = 1,895,000 in.-lb. 

The maximum end shear is 

V = § X 3335 X 19.48 = 32,500 lb. 

Required section modulus 


1,895,000 

18,000 


105.3 in.3 


Use a 16-in., 71-lb. W.F., with *S = 115.9 in.® The 64-lb. section is insuffi¬ 
cient. 

From inspection it is evident that the beam is ample for the shear. 

Details .—Details are indicated in Fig. 62. To transfer the reactions of the 
concrete joists to the girders, 1 X |-in. soft steel straps or stirrups are carried 
over the top flange of the girders at about 3 ft. 6 in. centres and loop around a 
|-in. longitudinal round rod at each end running parallel to the girder in the 
concrete encasement of the top flange. These loops are welded shut. 

106. Riveted Beam Connection Subjected to Reaction without Moment.— 
Investigate the sufficiency of the beam web rivets of the connection shown in 
Fig. 63 for a 20-in., 65.4-lb. I for a reaction of 50,000 lb., if the turning moment 
and the moment of restraint developed by the rivets in the outstanding legs of 
the connection angles be assumed to offset each other. 

Rivets, I in. p, = 12,000 lb. per sq. in. = 30,000 lb. per sq. in. 

Double shearmg value of one f-in. rivet = 2 X 0.442 X 12,000 = 10,600 lb. 

Safe reaction, based on shear is 5 X 10,600 = 53,000 lb. 
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Bearing value of |-in. rivet on |-in. web of beam = 0.75 X 0.5 X 30,000 
« 11,250 lb. 

Safe reaction, based on bearing, is 5 X 11,250 = 56,250 lb. 

As both these safe values for the reaction exceed 50,000 lb., the connection 
is safe. 

106. Combined Stress in Girder Web Rivets. —Find the maximum 
resultant tensile stress in the rivets in the outstanding legs of the angles of the 
connection investigated in Art. 105, Fig. 63. Assume the neutral axis as at one- 
seventh of the depth of the connection up from the lower end of the angles (see 
Arts. 59, 61 and 63). 

The moment on the connection, if the reaction be assumed as applied in the 
plane of the back of the outstanding legs of the angles, is Af = 50,000 X 2.25 
= 112,500 in.-lb. 



l"io. 63.—Beam Connection Designed for Fig. 64.—Combined Stress in Girder Web 

Direct Force (No Moment). Rivets. 


Of this, the girder web rivets passing through the outstanding legs of the 
angles will resist, as was pointed out in Art. 59, a moment of 


M' = 


M 

2h'^d 
21 Sd* 


The depth of the connection, A, being 16.5 in., it follows that the neutral 
axis is 16.5/7 — 2.36 in. up from the bottom of the angles, as shown in Fig. 64, 
and the distances to the various rivets in tension are: dh = 2.39 in., dc = 5.89 
in., dd = 9.39 in., and d« = 12.89 in. Hence, 2d = 2(2.39 + 5.89 + 9.39 
+ 12.89) = 61.12, and Zd* = 2(2.39^ + 5.89^ + 9.39* + 12.89*) = 589.28. 

Consequently 


112,500 

2 X 16.5 X 61.12 
21 X 589.28 


96,700 in.-lb. 
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Tensile stress, due to turning, on one of the extreme web rivets is, according 
to Eq. (2) of Art. 59 


^ 96,700 X 12,89 
” 589.28 


2115 lb. 


The tensile unit stress in one of these rivets is, therefore, ft = 2115/0.442 
= 4780 lb. per sq. in. 

The shearing unit stress on any one of the girder web rivets is fa = 50,000/10 
X 0.442 = 11,320 lb. per sq. in. 

From Eq. (24) of Art. 72, the maximum resultant tensile stress on an extreme 
rivet is 


ft max. = 2 /< + + 4 ft^y^ 

= i X 4780 + (11,3202 -fix 4780^)^ = 14,000 lb. per sq. in. 

107. Beam Connection Subjected to Both Direct Shear and Moment.— 

Find the safe capacity of the beam rivets of a typical beam connection (Fig. 65) 

for a 12-in., 31.8 lb. I-beam. Neglect the 
restraining moment due to the tension in 
the shanks of the rivets through the out¬ 
standing legs of the connection angles. 
Rivets, f in. diameter, p, = 10,000 lb. 
per sq. in. pb = 20,000 lb. per sq. in. 

Assume a reaction for the beam of P= 
10,000 lb. The centre of rotation of the 
angles will be assumed as at the centre of 
gravity of the rivet group. 

Direct force, Dn, on any rivet number 
n ” = P/ m, where m = number of rivets 
through the beam web. Hence Dn = 
10,000/5 = 2000 lb. 

Turning moment on connection is M = 
Pe, where e = eccentricity of force P with 
respect to the centre of rotation. Hence, 





Fig. 65.—Analysis of Beam Connection. 


M = 10,000 X 3.10 = 31,000 in.-lb. 


According to Eq. (3) of Art. 21, the turning force on any rivet is 


Tn = 


Sr2 


Tn for each rivet is given in the accompanying table. Resultant force on each 
rivet is found by combining Dn and Tn vectorially as shown in Fig. 65. Re¬ 
sultants thus obtained are given ^in last column of Table 1. 
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TABLE 1 

Analysis of Connection for P = 10,000 Lb. 


Rivet 

r. Inches 

r\ Inches® 

Direct 

Force 

Dn, Pounds 

Turning 

Force 

Tn, Pounds 

Resultant 
Rnt Pounds 

1 

3.67 

13.45 

2000 

2870 

3950 

2 

2.41 


2000 

1880 

1520 

3 


1.21 

2000 

860 

2860 

4 

2.41 

5.80 

2000 

1880 

1520 

5 

3.67 

13.45 

2000 

2870 

3950 


= 39.71 


Safe capacity of connection = assumed reaction P X safe resistance of 
rivet T- maximum resultant. 

Safe resistance of rivet is bearing on 0.35-in. web of beam = 0.75 X 0.35 
X 20,000 == 5250 lb. 

Maximum resultant (from table) = 3950 lb. Therefore, safe capacity of 
connection = 10,000 X 5250/3950 = 13,300 lb. 

108. Double Duty of Girder Web Rivets. —Two 10-in., 25.4-lb. I's are con¬ 
nected to the web of a 15-in., 42.9-lb. I directly opposite each other, as shown in 
Fig. 66, thus utilizing the same field rivets through the girder web. If the reac¬ 
tion of each 10-in. I is 8500 lb., and the connection 
angles are I in. thick, find the number of field rivets re¬ 
quired, neglecting the effect of tension on the rivet 
shanks. 

Rivets, f in. p, = 8000 lb. per sq. in. pb = 16,000 
lb. per sq. in. 

For the attachment of one 10-in. I to the girder, 
enough rivets in single shear (this value being less than 
the bearing value on the f-in. angles) to transmit 
8500 lb. will be necessary. 

Safe resistance of f-in, rivet in single shear = 0.442 
X 8000 = 3530 lb. 



Fiq. 66.—Double Duty of 
Girder Web Rivets. 


Number of rivets required = 8500/3530 = 1.9, or 2. 

For the attachment of the two 10-in. I’s enough rivets in bearing on the 0.41- 
in. web of the girder to transmit 17,000 lb. will be required. 

This will be 17,000/4920 = 3.5, or 4. 

109. Design of Welded Beam Connection. —Design a welded beam con¬ 
nection for an 18-in., 47-lb. W.F. to transmit to a girder a reaction of 50,000 lb. 
Neglect any restraining moment developed by the attachment of the outstand¬ 
ing legs to the web of the girder. 

Permissible stresses in fillet welds in pounds per lineal inch will be as follows: 
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Parallel (longitudinal) shear, p, = ? (3300 — 50 /), but not over 500 6; normal 
(transverse) shear, pa = 500 6; combined direct and turning stress at the part 
of the weld most remote from the centre of gravity, p, = 500 6. In these for¬ 
mulae, 6 = side of the largest isosceles triangle contained in the cross section 
of the fillet expressed in sixteenths of an inch and I = actual length in inches of 
the longitudinal fillet under consideration. 

Provide 5% excess capacity in the connection to compensate for craters. 

If too great a concentration of stress in the beam web is to be avoided, the 
sum of the throat distances of the two fillets at the vertical edges of the legs con¬ 
necting to the web must not be greater than the web thickness. In other words: 

a ^ 0.707 1 (1) 

in which a = the short side of the fillet triangle in inches and t = web thickness 
in inches. As the web is 0.35 in., the fillets must not be over 0.25 in., if they 





Fig. 07,—De.sign of Welded Beam C’oimection. 



are to be worked up to the permissible limit. It is thus evident that for beams 
having very thin webs it is not practicable to use other than very narrow fillets. 

To look after the effect of eccentric application of the load efficiently, the 
depth of the connection to the beam web should not be less than about two- 
thirds the beam depth. It will be assumed as 15.5 in., which is practically as 
much as can be accommodated between fillets. 

Two 3 X 2| X i^-in. angles will be used for the connection, with J-in. 
fillet welds assumed as shown in Fig. 67. 

Attachment to Girder Web .—Assuming fillet welds along the vertical edges of 
the legs of the angles connected to the girder web, a gross length of 2 X 15 
= 30 in. of i-in. fillet is available. At the permitted stress of 

P« == ^(3300 — 50 X 15) = 1700 lb. per lin. in. 

the capacity is 30 X 1700 = 51,000 lb. Adding 1 in. along the top edge of each 
angle at the outer corner the necessary 5% excess strength is more than pro¬ 
vided and additional security is afforded against tension at the top arising from 
the tilting action of the beam away from the girder. 
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Attachment to Beam Web .—For the attachment of each of the angles to the 
beam web 15.5 in. of fillet will be run up the veHical edge and 1.5-in. fillets will 
be run along each of the two horizontal edges. 

The method of investigating the sufficiency of this assumed U-shaped weld 
will involve the simple combination of the stresses at the extreme comer due 
to the direct vertical shear and to the rotational effect about the centroid, pro¬ 
ceeding in much the same manner as for the riveted connection, Art. 107. The 
direct shear will be assumed as uniformly distributed over the aggregate length 
of weld, while the stress due to rotation will be computed by the simple round 
shaft theory, using the polar moment of inertia. 

The centre of gravity of the U-shaped weld, having an area of 4.625 sq. in. 
projected on the face of the web, is found by the usual methods to be 0.267 in. 
from the back of the U. 

The polar moment of inertia is /* + /y, where 7* = ordinary moment of 
inertia of the hatched figure about the axis x-x and ly = ordinary moment of 
inertia about the axis y-y. 

Iz may conveniently be taken as the moment of inertia of a rectangle 
1.75 X 15.5 in. less the moment of inertia of one 1.5 X 15 in. It is then 

Iz = ^(1.75 X 15.5* - 1.5 X 15*) = 121.5 in.< 

ly will be calculated in the usual way, by first finding the I about the vertical 
axis a-a at the centre of the long fillet and then subtracting the product of the 
total area and the square of the distance l)etween axes a-a and y-y. 

ly = tV X 15.5 X (0.25)* + 2 X 1^- X 0.25 X (1.5)* 

-b 2 X 1.5 X 0.25 X (0.875)2 - 4.625 X (0.142)2 = 0.6 in.^ 

The polar moment of inertia about the centroid G for the weld serving one 
angle is then 121.5 + 0.6 = 122.1 in.^ 

For an applied force of 50,000 lb. applied at 2.483 in. from the centroid of 
the weld, giving a moment of 124,150 in.-lb., the direct and moment stresses at 
critical point P are, respectively, 

. r>o,ooo 

=-= 540o lb. i)CT sq. m. 

2 X 4.025 ^ * 


/m 


124,150 X 7.89 
2 X 122.1 


4055 lb. per sq. in. 


Combining these stresses graphically there results a maximum stress of 
7700 lb. per sq. in., or 7700 X 0.25 = 1925 lb. per lin. in. of weld. This is suffi¬ 
ciently within the permissible stress of 2000 lb. per lin. in. to allow^ for craters. 
The assumed weld is consequently adequate for the reaction. 

110. Reduced Depth End Bearing for Beam. —A 12-in., 31.8-lb. I-beam 
with a reaction of 20,000 lb. rests on the top flange of a 20-m., 75-lb. I with the 
bottom of the former 4j in. below the top of the latter, as shown in Fig. 68. 
Design an end bearing for the 12-in. beam. 
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Pf = 16,000 lb. per sq. in. == 10,000 lb. per sq. in. of gross area. 
Rivets, I in. For rivets, p, = 12,000 lb. per stp in. pb = 24,000 lb. per sq. 
in. 


Assume that the cut in the lower side of the beam is 7 in. long and in. 
deep. Two 6 X 3| X |-in. angles will be used to receive all the reaction, as 
shown in Fig. 68, and they will be set with the back of their outstanding legs 
7^ in. down from the top of the beam, that is I in. below the horizontal cut line. 
Shear and moment at the point of depth change will, therefore, be resisted by 
an I-shaped section. 

Required area for shear is 20,000/10,000 = 2.00 sq. in. 


2ls6:jfi\ 


$ -o 
■q-I-O-O-CD 







Fig. 6S. — Reduced De])th End Bearing for Be 


Assuming that all 
the sh(»ar is borne by the intact 
portion of the beam web with¬ 
out aid from the angles or beam 
flanges, the area i)rovided = 
7.25 X 0.35 = 2.54 sq. in., 
wliieh is ample. 

Moment at the point of 
d('pth change, assuming the 
reaction as applied at the cen¬ 
tre of the flange of the support¬ 
ing girder = 20,(X)0 X 3.8 = 
76,000 in.-llj. 

Required section modulus = 76,000/16,000 = 4.75 in.^ A rough calcula¬ 
tion shows that the intact part of the web alone would give a much smallcT 
section modulus than this. Hence the seat angles will be retpiired in sonn* 
measure for the r(*sistance of the moment as a tension flange of tlu' 7 J-in. T-sec- 
tion. The section modulus of this section will have to be determiiu'd. 

Taking the statical moment of the various parts of this section about, say, 
the top horizontal limit of the section, the centre of gravity, and hence the neutral 
axis, is found to be 3.97 in. down from the top. The moment of iiuTtia about the 
neutral axis is found to be 86.5 in.^ Hence S = 86.5 3.97 = 21.8 in."*, which is 
far more than is recpiircd. 

Riveting .—As the horizontal cut surface of the beam web is not considered 
as bearing directly on the girder flange, there should be imm(‘diate4y above the 
girder flange enough rivets in the seat angles to transmit the full r(‘action to the 
beam web. The value of a rivet is its bearing value = 0.75 X 0.35 X 24,(KK) 
= 6300 lb. Hence 20,000/6300 = 4 rivets are reejuind. These are shown in 
Fig. 68. 


To the right of the point of depth change enough rivets are reciuired to trans¬ 
mit out of the angles any longitudinal force they may resist by reaction of their 
acting in part as a tension flange for the 7^-in. I-section. A sufficiently accurate 
estimate of this force may be made by neglecting the compression in the angles 
above the neutral axis and assuming that the tension in the lower portions of tlu* 
angles is in no degree offset by the compression in the upper portion of their 
vertical legs. 
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At the extreme lower fibre of the angles the stress is 3.53/3.97 of the maximum 
stress on the upper fibre of the beam fiange, or, since M = 76,000 in.-lb.,' 


76,000 ^ 

21.8 ^3.97 


3100 lb. per sq. in. 


The average stress in the outstanding legs is, on the straight line basis, 2935 lb. 
p(T s(p in., and these two legs resist 2935 X 2 X 3.125 X 0.375 = 6850 lb. 
The portions of the vertical legs bearing tension resist 1550 X 3.53 X 2 X 0.375 
= 4120 lb. The total tension, therefore, is 6850 + 4120 = 10,980 lb. To 
H'sist this, 10,970/6300 = 2 rivets are required. Two are shown in the lower 
gauge line to carry this tension and two in the upper 
gauge line to accommodate the compression in the 
upixT ])art of the vertical legs of the angles. 

111. Design of Simple Detached Bearing Plate.— 

A 15-in., 50-11). I-heaiii with a reaction of 24,000 lb. 
is to deliver its load to a brick w'all which can safely 
withstand a bearing pres.sure f)f 175 11). jx'r stj. in. 

Find th(» size and thickness of the detached bearing 
plate necessary. Thickness of wall, 18 in. (Toronto 
brickw'ork standards), p/ = 16,000 lb. per scp in. 

Maximum ov(*rhang permitted to satisfy deflection 
r('(iuirements = 4 /. 



Area of plate required = 24,000/175 = 137 sq. in. 
Adopt a plate 12 X 12 in. placed in the wall as shown 
in Fig. 69. Cantilever ])rojection of plate past edge of 
beam flange = (12 5.64) 2 = 3.18 in. 


T 




/ 


sys 

—ir 

5%4 


378 


T 


Fiq. 69.—Bearing Plate. 


Maximum moment on cantilever strip 1 in. wide due to actual maximum 


pressure 


1 91 

3/ = . X —— X (3.18)2 = 844 
2 144 


S('ction modulus recpiired is 844 16,000 = 0.053 in.'* 

Assuming a J-in. jilate which will satisfy the recjuirement ss to deflection 
closely enough (4 X J = 3 in. permi.ssil)le overhang), the section modulus 
provided is g X 1 X (0.75)^ = 0.094 in.® This is more than adequate, but the 
lHTmissil)l(‘ ratio of thickness to overhang will not admit of a lesser thickness. 

Owing to the bending strength of the beam flange, the flexural stress at the 
c(»ntre of the plate is le.ss than at the edge of the flange. 

112. Exercise Problems on the Design of Beams. —The following exer- 
ci.se problems are bas(»d on the principles employed in the solution of the prolv 
lems of this chai)ter. See Apj)endix I for the answers. 

(1) What should be the section of an I-beam to carry a superimp>osed uniformly 
distributed load of 880 lb. per lin. ft. over an effective span of 11 ft.? p/ = 16,000 
lb. per sq. in. p« = pdc = 10,000 lb. per sq. in. 

(2) A pair of 6000-lb. loads are applied at the third-point® of a beam of 12-ft. 
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span. What should be the section? p/ = 18,000 lb. per sq. in. p, « Pdc * 12,000 
lb. per sq. in. 

(3) If, owing to the restraint of end connections, the maximum moment of the 
beam of Exercise Problem (2) above may be taken as 85% of that of a simply sup¬ 
ported beam, what would then be the required section? 

(4) A king-post trussed beam of 16-ft. span, centre to centre of end bearings, 
carries a uniformly distributed load, including its own weight, of 800 lb. per lin. ft. 
Find (o) the maximum moment and (6) the maximum shear. 

(5) A trussed beam of 30-ft. span is divided into three equal panels by two 
struts spaced 10 ft. apart, centre to centre. If the total load carried by the beam 
be 1000 lb. per lin. ft., find the maximum shear in the beam. 

(6) An I-beam is to carry a uniformly distributed load, including its own weight 
of 1500 lb. per lin. ft. over a span of 15 ft. centre to centre of bearings, with no 
intermediate lateral support. Recommend a size, p/ = 16,000 — 150 V/b, Ps = Pdc 
= 10,000 lb. per sq. in. 

(7) A 10-in., 25.4-lb. I-beam 10 ft. long, without lateral supports except at its 
ends carries two symmetrically placed concentratetl loads of 7200 lb. each, 4 ft. 
apart. Report on its safety, p/ = 16,000 — 200^/5. p« = pdc — 10,000 lb. per 
sq. in. 

(8) A 12-in., 31.8-lb. I-beam without lateral support between ends carries a 
central load of 9000 lb. over a span of 20 ft. Express an opinion as to its safety, 
p/ = 16,000 — 150 V/h lb. per sq. in. p, = pdc = 10,000 lb. per sq. in. 

(9) Recommend a size for a steel I-beam to carry a uniformly distributed 
superimposed load of 1000 lb. per lin. ft., if the span is 15 ft. and there is no lateral 
support for the beam between the end bearings, p/ = 19,000 — 300 V/h. p, = pdc 
= 10,000 lb. per sq. in. 

(10) An air hoist carrying, including its own weight, a load of 3000 lb. travels 
along the bottom flange of an 8-in., 18.4-lb. I-beam of 15-ft. span supported laterally 
only at the ends. Assuming the load as a concentrated one, is the beam safe.^ 
p/ = 16,000 - 150 r/b. 

(11) A 6-in., 12.5-lb. I is cantilevered freely 5 ft. out from a wall and carries a 
superimposed uniformly distributed load of 600 lb. per lin. ft. Express an opinion 
as to its safety, p/ = 16,000 — 200 V/b lb. per sq. in. p, = pdc = 10,000 lb. per 
sq. in. 

(12) A steel I-beam built rigidly into a wall at each end and continuously sup¬ 
ported laterally, having a span of 15 ft., carries a uniform load, including its own 
weight, of 2500 lb. per lin. ft. Recommend a size for the beam, p/ = 18,000 lb. 
per sq. in. p* = pdc = 12,000 lb. per sq. in. 

(13) An 8-in., 20-lb. W.F. of 1 Wt. span continuously supportt^d laterally, is built 
solidly into a massive concrete pier at each end. What total uniformly distributed 
load (including its own weight) could the beam support? p/ =* 18,000 lb. per sq. in. 
pa == Pdc ~ 12,000 lb. per sq. in. 

(14) A 10-in., 25.4-lb. I of 15-ft. span is built solidly into a massive concrete 
pier at one end and rests on an ordinary bearing plate at the other. What net uni¬ 
formly distributed superimposed load could the beam support? p/ « 18,000 lb. per 
sq. in. Pa = pdc = 12,000 lb. p(*r sq. in. 

(15) A 10-in., 25.4-lb. I-beam of 12-ft. span is rigidly fixed at the ends and 
restrained against lateral buckling. How much load, uniformly distributed, could 
be applied to the beam per running foot? p/ = 16,000 lb. per sq. in. p, » pde “ 
10,000 lb. per sq. in. 
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(16) A 6-in., 12.5-lb. I-beam of 20-ft. span is simply supported at the two 
ends and is continuous over a pier at the centre. If the total uniformly dis¬ 
tributed load borne by the beam is 1000 lb. per lin. ft., express an opinion as 
to the safety of the beam, p/ — 18,000 lb. per sq. in. p, = p^c ~ 12,000 lb. 
per sq. in. 

(17) A girder consisting of two 16-in., 42.0-lb. I^s has a span centre to centre 
of bearings of 15 ft. In addition to its own weight, the girder carries two columns 

5 ft. apart on centres and symmetrically situated with respect to the centre of the 
girder. Find the maximum permissible load on each of these columns, p/ « 16,000 
lb. per sq. in. p, = pde = 10,000 lb. per sq. in. 

(18) An 8-in., 18.4-lb. I of 10-ft. effective span is loaded to capacity by a central 
concentrated load. What is the maximum deflection? p/ = 16,000 lb. per sq. in. 
E = 29,000,000 lb. per sq. in. 

(19) A 12-in., 31.8-lb. I-beam of 8-ft. span carries a total uniformly distributed 
load of 6000 lb. per lin. ft. If it rests on a shelf angle at each end with a bearing of 
3^ in., express an opinion as to the safety of the beam against vertical buckling of 
the web at the ends, j = 0.25. pvc — 19,000 — 173 d/t. 

(20) An I-beam of 5-ft. span centre to centre is to carry a total uniformly dis¬ 
tributed load, including its own weight, of 51,000 lb. Select a section. Length of 
bearings = 3.5 in. p/ = 16,000 lb. per sq. in. p, - 10,000 lb. per sq. in. pde =* 
15,000 — 150 c/if where c = clear distance between fillets. p„c = 19,000 ~ 173 d/t. 
j = 0.25. 

(21) The reaction at the end of a 20-in., 65.4-lb. I-beam is 80,000 lb. The length 
of flange bearing on the support is 5^ in. Investigate the beam for shear, diagonal 
compression and vertical compression, p, == 10,000 lb. per sq. in. pdc — pvc ^ 
15,000 - 120 d/i. j = 0.25. 

(22) A 12-in., 31.8-lb. I-beam of 5-ft. span centre to centre carries a total uni¬ 
formly distributed load of 16,000 lb. per lin. ft. If the end bearings are 3| in. long, 
express an opinion as tx) the safety of the beam in shear, diagonal web compression 
and vertical web compression, p, = 10,000 lb. per sq. in. pdc — 19,000 — 250 
c/U Pvc = 15,000 — 110c/(. (c = clear distance between fillets.) j = 0.25. 

(23) An 18-in., 54.7-lb. I-beam of 5-ft. effective span carries a superimposed 
uniform load of 30,000 lb. per lin. ft. Express an opinion concerning the safety 
of the beam in shear and web compression, if the length of the support is 6 in. p, =» 
10,0001b. persq. in. pdc = 15,000 — 150 c/t. pvc ~ 19,000 — 17^ d/t. (c = clear 
distance between fillets.) j = 0.25. 

(24) A 15-in., 42.9-lb. I-beam of 6-ft. span centre to centre of bearings, carries 
a concentrated load of 84,000 lb. 2 ft. from the centre of one support and applied 
over a length of 14 in. If the length of the support is 6 in., report on the safety of 
the beam in shear and web compression, p, = 10,000 lb. per sq. in. pdc = 15,000 ~ 
150 c/t. Pvc - 19,000 — 173 d/t. j = 0.25 for supports and 0.50 for intermediate 
concentrated load, (c = clear distance between fillets.) 

(25) An 8-in., 20-lb. W.F. is cantilevered out 3 ft. on each side of a support 

6 in. wide. It carries a uniformly distributed load of 5600 lb. per lin. ft. including 
its own weight. Report on the safety of the beam, p/ = 18,000 lb. per sq. in. 
pa = 10,000 lb. per sq. in. pdc = 15,000 — 130 c/t. pvc = 18,000 — 150 d/t. 
j * 0.50. (c « clear distance between fillets.) 

(26) A 10-in., 25.4-lb. I rests on two piers 10 ft. apart centre to centre and 
extends 3 ft. 3 in. beyond the centre of each. The total load borne by the beam, 
including its own weight, is 6100 lb. per lin. ft. The supports are 8 in. long. Report 
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on the sufficiency of the beam, p/ *= 16,000 lb. per sq. in. p, — pdc ~ 10,000 
lb. per sq. in. pvc = 19,000 - 173 d/t, j = 0.60. Neglect deflection. 

(27) A steel lintel carries a IS^-in. brick wall weighing 120 lb. per cu. ft. over 
a clear opening of 10 ft. Calculate the probable maximum bending moment on the 
lintel due to the brickwork if the wall is solid and well seasoned for some distance 
above and adjacent to the span, and if the bearing at each end is 9 in. 

(28) A lintel comjK)8ed of two steel I-beams is to carry a 13 2-in. brick wall over 
a clear opening of 12 ft. with a bearing of 85 in. at each end. The brickwork is well 
seasoned and not broken up by openings and the wall continues past the supports 
of the beam for several feet at each end. Recommend a size for the beams, p/ = 
16,000 lb. per sq. in. p« = pdc = 10,000 lb. per sq. in. Weight of brickwork = 
120 lb. per cu. ft. Maximum deflection = 1/320 of span. E = 30,000,000 lb. per 
sq. in. 

(29) A thoroughly seasoned and well-built brick wall 18 in. thick is carried by 
a lintel composed of two I-beams over a clear opening of 8 ft. with a bearing of 9 in. 
at each end. Suggest a section. Weight of brickwork = 120 lb. per cu. ft. p/ == 
18,000 lb. per sq. in. ps = pdc ~ 12,000 lb. i)er sq. in. Maximum deflection = 
1/360 of span. E = 29,000,000 lb. per sq. in. 

(30) A 20-in., 65.4-lb. I-beam of 20-ft. span has two opposite holes for J-in. 
rivets punched out of the bottom flange at mid-span. What uniform load in pounds 
per lineal foot might safely be applied to the beam? p/ = 16,000 lb. per sq. in. p* ~ 
pdc = 10,000 lb. per sq. in. 

(31) A 12-in., 31.8-lb. I-beam of 15-ft. span contains near mid-span open rivet 
holes for |-in. rivets in each gauge line of its bottom flange, and these holes are 
opposite each other. Estimate the total safe load in pounds that may be applied 
to the beam, p/ = 18,000 11). per sq. in. p* = pdr = 12,000 lb. per sq. in. 

(32) A 10-in., 25.4-lb, I-beam of 12 ft. span continuously sui)ported laterally, 
carries a single concentrated load of 8000 lb. at mid-span applied to the bottom flange 
by two |-in. bolts direetly opposite to each other. Express an opinion as to the 
safety of the beam, p/ = 16,000 lb, per sq. in. p* = pdc — 10,0(X) lb. per sq. in. 

(33) A 15-in., 42.9-lb. I is ’•einforced with a 6 X plate on each flange con¬ 
nected thereto by f-in. rivets driven opposite each other on two gauge lines. I'ind 
the total uniformly distributed load, including its own weight, which the reinforced 
beam will carry over a span, centre to centre, of 20 ft. p/ = 16,000 lb. per sq. in. 
Pa — Pdr = 10,000 lb. per sq. in. 

(34) A 20-in., 65.4-lb. I is reinforced with a 7 X “J-in. plate on each flange con¬ 
nected thereto by -J-in. rivets driven staggered on two gauge lines. Find the total 
uniformly distributed load, exclusive of its own weight, which the reinforcc'd beam 
will carry over a span, centre to centre, of 25 feet, p/ == 18,000 lb. per sq. in. p« = 
Pdc = 12,000 lb. per sq. in. 

(35) An 18-in., 54.7-lb. I is reinforced with a 6 X i-in. plate on each flange con¬ 
nected thereto by |-in. rivets driven staggered on two gauge lines. Find the net 
uniformly distributed load, in pounds per lineal feet, which the reinforced beam will 
carry over a span, centre to centre, of 22 feet, p/ = 16,000 lb. per sq. in. p, = pdc = 
11,000 lb. per sq. in. 

(36) A 15-in., 42.9-lb. I of 20-ft. span is reinforced by a 6 X g-in. plate riveted 
to each flange with f-in. rivets driven opposite each other on two gauge lines. If the 
beam is adequately supported laterally and carries a total uniformly distributed 
load of 2000 lb. per lin. ft., express an opinion concerning the safety of the beam 
80 far as bending moment is concerned, p/ = 16,000 lb. per sq. in. 
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(37) A 10-in., 25.4-lb. I-beam of 16-ft. span is reinforced with one 6 X i-in. plate 
on each flange, the rivets being spaced in each flange on a staggered pitch of 6 in. 
Find the total safe uniformly distributed load, if p/ = 16,000 and p, = p^c = 10,000 
lb. per sq. in., respectively. Rivets, | in. dia. 

(38) A 12-in., 31.8-lb. I, 20 ft. long, is reinforced by adding a 6 X i-in. plate to 
each flange, and is loaded to capacity. If the permissible bending stress on steel is 
16,000 lb. per sq. in., and the permissiVde shearing and bearing stresses on rivets 
are 10,000 and 20,000 lb. per sq. in., respectively, find how many J-in. rivets would 
be theoretically necessary between the end of the plate and the centre of the girder 
in each flange, if near the centre of the span they be driven staggered on two 
gauge lines. 

(39) Find the length of reinforcing plates theoretically necessary in the case 
of the beam of Exercise ProVdem (34) above. 

(40) An 8-in., 18.4-Ib. I heads into another beam of the same size and is con¬ 
nected to it by two angles 3 2 X 3| X A If the reaction of the first beam is 
10,000 lb., find the number of field rivets required through the web of the second 
beam to give a safe connection. Neglect tension in the rivet shafts. Rivets, J in. 
Safe shearing and bearing stresses on field rivets = 8000 and 16,000 lb. per sq. in., 
respectively. 

(41) Find the number of shop and field rivets necessary to connect a 10-in., 
25.4-lb. I to an 18-in., 54.7-lb. 1, using g-in. angles. The end shear in the 10-in. I 
is 24,500 lb. Rivets, f in. Permissible shear in shop rivets 10,000 lb. per sq. in., 
and in field rivets 8000 lb. i>er sq. in. Permissible bearing in shop rivets 20,000 lb. 
per sq. in., and in field rivets 16,000 lb. per sq. in. Neglect turning moment on 
rivets in beam web. 

(42) DevifW' a suitable connection for a 10-in., 25.4-lb. I with end shear 10,800 lb. 
to the web of a 15-in., 42.9-lb. I using J-in. rivets, and neglecting the momenc on 
the rivets in the beam web. Permissible shear on shop rivets 12,000 lb. per sq. in.; 
bearing on shop rivets 24,000 lb. per sq. in.; shear on field rivets 9000 lb. per sq. in.; 
bearing on field rivets 18,000 lb. per sq. in. 

(43) A r2-in. I-beam is attached to a girder by a pair of connection angles con¬ 
taining three rivets at 3-in. spacing in a vertical line on 2|-in. gauge. If the reaction 
is 15,000 lb. and the restraining moment at the support is neglected, find the resultant 
stress on one of the extreme rivets through the web of the beam. 

(44) Two 12-m., 31.8-lb. I’s with a reaction of 12,000 lb. each head into a girder 
consisting of one 18-in., 54.7-lb. I directly opposite each other and connected to 
the girder by the same field rivets. Find the number of field rivets through the web 
of the girder. Rivets, J in. Safe shearing and bearing stresses = 9000 and 18,000 
lb. per sq. in., respectively. Connection angles, | in. thick. 

(45) Two 15-in., 42.9-lb. I’s each carrying a total uniformly distributed load of 
45,000 lb. frame into a 20-in., 65.4-lb. I directly opposite each other and at the same 
elevation. If J-in. rivets are used and the safe shearing and bearing stresses on 
field rivets are assumed at 8000 and 16,000 lb. per sq. in., respectively, find the 
number of rivets required through the web of the 20-in. beam and suggest an arrange¬ 
ment for them. Neglect tension in the rivet shafts. 

(46) Calculate the flexural stress at the face of the beam web in the bearing 
plate of Art. Ill, assuming the moment to lie allocated in proportion to the section 
moduli of the beam flange (neglecting the fillet) and the plate. 

(47) It is proposed to seat a column carrying 85,000 lb. on the top flange of an 
i8-in., 54.7-lb. I-beam at a point some distance from one support. Will the beam 
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web be able to resist the load safely? Assume j = 0.60. pvc * 19,000 — 173 d/i. 
Length of column base parallel to beam — 14 in. 

(48) A beam connection delivers 15,000 lb. to a girder web. If in the beam web 
there are three rivets spaced 3 in. apart vertically, and the gauge for this line of 
rivets is 2i in., find the total stress on the most highly stressed rivet due to the 
combination of direct and turning force. 

(49) Two J-in. holes are punched opposite each other in the tension flange of a 
15-in., 42.9-lb. I-beam at mid-span. If the span is 16 ft., what total uniformly dis¬ 
tributed load, including the weight of the beam, may be safely carried by the beam? 
Pf = 18,000 lb. per sq. ki. F = 1.0 — 0.25/d^. 

(60) A roof of 45-deg. slope is supported on roof trusses 18 ft. centre to centre. 
The purlins are spaced 4.5 ft. centre to centre up the slope. If the specified intensity 
of wind pressure on a flat surface normal to the wind is 30 lb. per sq. ft., calculate 
the wind moment in a purlin. 

2 sin a 


(51) The spacing of purlins on a roof is 4 ft. and the overhang of the roofing past 
the centre of the eave purlin is 18 in. If the normal loading on the roof is 30 lb. 
per sq. ft., what is the resulting loading per lineal foot on the eave purlin? 
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113. Fonnulae for Box Girder Design.—The following formulae are 
applicable to the design of box girders: 

Moment of inertia of the cross section 



In — Ig Ih 


In' = I„-h 



Section modulus of a box girder 



Vt 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 
(7) 


Theoretical length of any cover plate for uniformly loaded girder (see Appen¬ 
dix 11) 

lo.’ -t- e- o • 

( 8 ) 




Existing shoariiig stress ]K»r lineal inch of girder at a selected level 



Pitch of rivets in unloaded flange 


ml 



Pitch of rivets in loaded flange 

nv 
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(9) 


(10) 
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The significance of the symbols employed in the above formulae, and else¬ 
where in this chapter, is as follows: 

Ag = gross area of section; 

An = net area of section; 
d = depth of beam; 

de = extreme depth of composite section; 

/t = existing shearing stress; 

I — moment of inertia of cross section (general s 3 mibol); 

Ig = moment of inertia of gross section taken about its own gravity axis; 

Ih = moment of inertia of the holes in a section about the gravity axis of the 
gross section; 

In = moment of inertia of net cross section taken about neutral axis of n(‘t 
section; 

In = moment of inertia (uncorrected) of net cross section taken about nt'utrai 
axis of gross section; 

Zn/ = moment of inertia of net section taken about gravity axis of gross section 
and corrected to comj)ensate for error in assumption of the position of 
the neutral axis; 

I = span of girder, centre to centre of bearings; 
n = number of rows of rivets that may be allocated to one web; 
p — pitch of flange rivets; 

Q = statical moment of area of all parts on one side of neutral axis being 
served by all webs through tlie medium of the full group of similarly 
situated rivets under consideration; 

Qh = statical moment of holes taken about gravity axis of gross section; 

S = total required net section modulus of gu*der; 

Sn = section modulus of net section v ith respect to gravity axis of net section; 
Sn = uncorrected section modulus of net section with respect to gravity axis 
of gross section; 

StJ = section modulus of net section taken about gravity axis of gross section 
and corrected to compensate for error in assumption of the position of 
the neutral axis; 

8 = shift of the neutral axis of a section brought about by perforation; 

8 i = section modulus required of two outside flange plates in an assemblage; 
82 'f S 3 ' . . . Sn — section moduli contributed to the total required section modulus 
of the girder by successive pairs of flange plates from the outside, begin¬ 
ning with the second pair; 

Xn = theoretical length of the nth cover plate from the outside; 
ye = distance of the extreme fibre from the neutral axis of the net or the gross 
section, as the expression may indicate; 

V = total shear resisted by one web; 
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V = least value, or safe resistance, of a rivet; 

w = superimposed load on a girder per inch of length, applicable to one web. 

114. Design of Uncompensated Box Girder. —box girder of 22 ft. 8 in. 
clear span to carry a superimposed load of 8650 lb. per lin. ft. is to consist of 
two I-beams with flange plates on the two 
flanges of the same gross area, as shown in 
Fig. 70. The completed section must not be 
over 23 in. deep nor 14 in. 's\ide because of 
certain necessary clearances. The girder is 
stayed continuously laterally. It is sup¬ 
ported on concrete piers. Prepare a design 
for the girder. 

Permissible stresses: Flexure, Pf = 16,000 
lb. per sq. in., the holes in the tension flange 
only to be deducted; shearing, actual, at 
the neutral axis, = 12,000 lb. per sq. in.; 
diagonal compression, pdc = 12,000/(1 + cV 
1500 (c = clear distance between fillets, 
t = web thickness); vertical compres.sive 
stress, Pvc = 19,000 — 173 d/<, counting as 
effective column section at the support the area (a + d/4)t, the length of 
bearing being a, and the depth of beam d; shearing on shop rivets, p, = 10,000 
lb. per sq. in; bearing on shop rivets, pb == 20,000 lb. per sq. in.; bearing on 
concrete supports, 400 lb. per sq. in. 

Rivets, f in.; holes for deduction, | in. Maximum allowable deflection 
= 1/360 of the centre to centre span. E — 29,000,000 lb. per stp in. 

Assuming the distance from the face of a sui)port to the centre of a bearing 
as 8 in., the centre to centre span = 24 ft. 

Assuming the weight of the girder as 250 lb. per lin. ft., the total uniformly 
distributed load = 8650 + 250 = 8900 lb. per lin. ft. 

Moment. —Maximum moment = Wl/S — (8900 X 24) X 288/8 = 7,680,000 
in.-lb. 

Required section modulus at the centre is 



Fig. 70. —Section of Uncompensated 
Box Girder. 




K 

Vf 


7,680,000 

16,(K)0 


= 481 in.* 


Assume a girder, as shown in Fig. 70, with a maximum section of two 20-in., 
05.4-lb. Ps, two 14 X |-in. and two 14 X Aaoge plates, with the i\~-in. 

plates next the beam flanges. The section will be reduced at the proper points 
by cutting off the outer cover plates. 

This section will be sufficient to keep the deflection within the limit of 1/360 
of span. To realize this limit, for a S 3 mimetrical section, the extreme depth de 
must be not less than 75 P/l/Ey for a simply supported, uniformly loaded beam. 
For Pf = 16,000 lb. per sq. in., and E = 29,000,000 lb. per sq. in. de must be 
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not less than Z/24.1 or 288/24.1 = 11.95 in. The adopted section is very much 
deeper than this. 

Gross moment of inertia of two 20-in., 65.4-lb. Fs about the neutral axis of 
the gross section, 7i = 2 X 1169.5 = 2339 in.^ 

Gross moment of inertia of two sets of flange plates, 1 2 = 2 (/o + A2/0*), 
where /o = moment of inertia of plates on one flange about their own gravity 
axis; A = area of plates on one flange; and y© = distance of gravity axis of 
plates on one flange about neutral axis of gross section of girder. 

/2 = 2{(iV X 14 X 1.1875*) + (14 X 1.1875 X 10.594*)} 

= 2(2 + 1860) = 3724 in.-* 

Evidently, the quantity lo might have been omitted without material error. 

Total gross moment of inertia, of section = I 1 + h = 2339 + 3724 
= 6063 in.^ 

Moment of inertia, 7^, of two |-in. holes through a total of J -f- 1= l^f in. 
of metal is approximately 2(0.875 X 1.938) X 10.219* = 354 in.* 

Net uncorrected moment of inertia of girder, 7„' = 6063 — 354 = 5709 in.* 

From Eq. (4), Art. 113, the net corrected moment of inertia is 

IJ = ^1.0 - = (10 - 22.375)») ^ 

From Eq. (7), Art. 113, net corrected section modulus is 

7 ' 

= — = 5400/11.1875 = 483 in.* 

Ve 

This is adequate. 

Length of Cover Plates, —Since the moment decreases at a high rate near the 
ends of the girder, the outer, or |-in. plates, will be required for only a fraction 
of the girder length. The inner, or ^-in., plates will be carried full length. 
For the section where inner cover plates only are employed, the uncorrected net 
moment of inertia, 5709, will be diminished by the moment of inertia of the 
outer plates, the gross area being considered for the plate on the compression 
flange and the net area for the plate on the tension flange. The reduction is 
approximately (14 X 0.625 X 10.875*) + {(14 - 1.75) X 0.625 X 10.875*} 
= 1941 in.* The net moment of inertia of the two beams and the two inner 
plates, is, therefore, 5709 — 1941 = 3768 in.*, or when corrected 

V = (10 - X 3768 = 3562 in.‘ 

The corresponding section modulus is 


^nc' = 


3562 

10.5625 


337.5 in.* 


The theoretical point of cut-off of the outer |-in. plates may be determined 
from Eq. (8) of Art. 113. 
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Corrected section modulus required at centre is 481 in.* and that provided 
by beams and inner pair of plates is 337.5. Difference, or = 481 ^ 337.5 
*= 143.5. 

Hence, theoretical length of outer flange plates, Xi « 24(143.5/481)^ 
= 13.1 ft. To this add sufficient length at each end to accommodate two rows 
of rivets, or say 9 in., to ensure action of plates where first needed. Practical 
length is then 14 ft. 8 in. 

Shear ,—^End reaction = 8900 X 24/2 = 106,800 lb. 

For flexural economy, the deepest beams permitted should be used, that is 
20-in. The two 20-in., 65.4-lb. I^s, give a total shear area of 2 X 20 X 0.5 = 20 
sq. in. 

Average shearing stress on web = 106,800/20 = 5340 lb. per sq. in. 

As the maximum shearing stress for t 3 rpical beams is usually from 10 to 20% 
in excess of the average stress, it is evident that the section chosen is adequate. 
For beams of this size the excess is about 17% and the maximum stress is, 
therefore, about 5340 X 1.17 = 6250 lb. per sq. in. 

To calculate the exact shearing stress, it is necessary to use Eq. (10), Art. 72. 

Web Buckling .—^Existing diagonal compressive stress on beam webs at end, 
being equal to average shearing stress, is 5340 lb. per sq. in. 

Permissible diagonal compressive stress, pdc = 12,000/(1 + 17V1500 X 0.5^) 
== 6780 lb. per sq. in. Hence, the section is adequate. 

Existing vertical compressive stress on web of one beam over support 
= reaction -f- 2(a + d/4)t = 106,800/2(14 + 20/4)0.5 = 5620 lb. per sq. in., 
the length of bearing being assumed as 14 in. 

Permissible vertical compressive stress, pvc = 19,000 — 173 d/t = 19,000 
— 173 X 20/0.5 = 12,080 lb. per sq. in. Section is amply strong for vertical 
buckling. 

Bearing on Supports .—End reaction = 106,800 lb. 

Required bearing area on concrete support = 106,800 = 267 sq. in. 

Use a 14 X 20-in. bearing plate = 280 sq. in. 

Thickness of bearing plate must be sufficient to transmit existing pressure 
of approximately 400 lb. per sq. in. to extreme edges of plate without exceeding 
bending stress of 16,000 lb. per sq. in. on plate. 

Bearing plate acts as cantilever beam. Fig. 

71, subjected to upward load of 400 lb. per sq. in. 

Moment at edge of cover plate on strip 1 in. 
wide = I X 400 X (3)2 = 1800 in.-lb. 

Section modulus required, S = 1800/16,000 
= 0.113 in.* 

But S — i ht^y where b is breadth and t thick¬ 
ness of rectangular section. Letting ^ = 0.113, 

it follows that t = 0.82. Adopt a thickness of | in. As the overhang is only 
3/0.875 = 3.43 times the bearing plate thickness, the usual limit for deflection, 
viz. 4, is not exceeded. 

Details .—For details, see Fig. 72. 



iititttitiittttitttti 

400W.persg.in. 

Fig. 71. —Cantilever Beam 
Action of Bearing Plate. 
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Number of rivets required in each outer, f-in., flange or cover plate from 
its end to the point of maximum moment in the girder is the number necessary 
to transmit to this plate the total stress that it should carry at mid-span. 

For the outer |-in. plate alone, the average working stress is 16,000 
X 10.87/11.19 = 15,540 lb. per sq. in. 

Total stress borne by one 14 X tension plate with two |-in. holes 
out is (14 - 2 X 0.875) X 0.625 X 15,540 = 119,200 lb. 

Safe resistance of a |-in. rivet in this situation is its value in single shear 
= 0.442 X 10,000 = 4420 lb. 

Number of rivets required through outer plate from its end to centre = 
119,200/4420 = 27, or say, 14 in each line. 

Number of rivets required through the inner cover plate from centre of 
bearing to end of outer cover plate must develop the strength of the inner plate. 
Average stress in plate = 16,000 X 10.28/10.56 = 15,560 lb. per sci. in. 



Fio. 72.—Detail of Box Girder. 


Capacity of plate = (14 - 2 X 0.875) X 0.5625 X 15,560 = 107,400 lb. Num¬ 
ber of rivets required in plate = 107,400/4420 = 24, or 12 in each line. 

Since maximum allowable spacing is 6 in., the rivets arc spaced at 6 in. 
centres from the centre to a point 5 ft. 3 in. from the centre of the girder, beyond 
which the spacing diminishes gradually to 3^ in. to allow for the rapid increment 
in flange stress near the ends. The numbers of rivets provided in the outer and 
inner cover plates, namely 32 and 28 respectively, are in excess of requirements. 

It would be possible to calculate the exact theoretical spacing required by the 
method of Art. 116, but the method employed above is satisfactory for the case 
in hand. 

The rivets connecting the bearing plate to the girder must be countersunk 
on the under side. 

The same riveting arrangement is adopted for the top flange as for the 
bottom one. 
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116. Capacity of a Compensated Built-Up Box Girder. —compensated, 
built-up, 3-web box girder of the section shown in Fig. 73, and of 40-ft. span cen¬ 
tre to centre is to be loaded uniformly to its 
safe capacity. The girder is stayed laterally at 
short intervals. Rivet holes are to be deducted 
only on the tension side. Find the total safe 
superimposed uniform load. 

Rivets, I in. Permissible flexural stress, 

Pf = 18,000 lb. per sq. in. Permissible aver¬ 
age shearing stress in web (including the effect 
of diagonal buckling, as in the specification 
of the A.I.S.C.), Pa = 12,000 lb. per sq. in. 

It will be necessary, first, to find the net 
section modulus. If the aggregate thickness 
of cover plates on the tension flange were equal to that of the plates on the 
compression flange, the loss of section by rivet holes below the centre line of 
the webs would throw the neutral axis substantially above the line mentioned. 
By adding a compensating J in. to the thickness of each of the tension flange 
plates, the moment of inertia of the rivet holes is more than offset and the 
neutral axis is kept in the desirable position of the centre line of the webs. No 
correction of the net section modulus is, therefore, needed when calculating this 
quantity with respect to the centre line of the webs. 

The computation of the net moment of inertia of the compensated section 
is set forth in Table 2. In this table, distances above the centre line 
of the webs, which is assumed to be the position of the neutral axis, are 
designated as positive, and distances measured below it are negative. Areas 
of metal are marked plus, and areas of holes minus. The moment of inertia of 
the holes about their own gravity axes is neglected, since it is too small to affect 
the result appreciably. The summations of the second, fourth, fifth and sixth 
columns are algebraic. The summations of the fourth and fifth columns when 
added should equal the summation of the sixth. 

Net section modulus of girder is net moment of inertia divided by distance 
to extreme (tensile) fibre, or 



Fig. 73. —Compensated Built-Up 
Box Girder. 


7 ^ 22,090.9 
IJe 14.75 


1493 in.» 


As the section has been so compensated as to bring the neutral axis of the 
net section as nearly as possible to the centre line of the webs, the axis about 
which the net moment of inertia has been taken, no correction of S need be made. 

Now total safe uniformly distributed load that may be carried by girder, 
including its own weight, so far as flexure is concerned, is, from Eq. (5), of 
Art. 72 


Wf = 


^Spf 


8 X 1493 X 18,000 


447,900 lb. 


I 


480 
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Weight of main material of girder, assuming for convenience that all cover 
plates run full length, and taking the gross area (169.38 sq. in.) from the table, 
is 169.38 X 3.4 X 40 = 23,000 lb. Adding 6% for diaphragms and rivet heads, 
the weight of the girder itself, between centres of end bearings = 24,380 lb. 


TABLE 2 

Net Section Modulus of Compensated Built-Up Box Girdeb 


(1) 

(2) 

(3) 

(4) 

(6) 

(6) 

Part of 
Section 

Area of 
Part, 
Square 
Inches 

Distance {yo) 
from Assumed 
Neutral Axis 
to Gravity 
Axis of Part, 
Inches 

Moment of 
Inertia (/o) 
of Part about 
Its Own 
Gravity Axis, 
Inches* 


I — I o~\-Ayo\ 
Inches* 

3 webs. 

4 top angles.... 
4 bottom angles 
3 top covers.... 
3 bottom covers 

3 holes A. 

3 holes B. 

3 holes C. 

4 holes D.j 

+39.00 

+28.44 

+28.44 

+31.50 

+42.00 

-1.50 

-1.50 

-4.00 

-8.50 

0.0 
+ 11.52 
-11.52 
+13.81 
-14.00 
-2.00 
-5.75 
-10.75 
-13.69 

+2197.0 

+96.8 

+96.8 

+3.3 

+7.9 

0.0 

+3,780.0 

+3,780.0 

+6,007.7 

+8,232.0 

-6.0 

-49.6 

-462.0 

-1,593.0 

+2,197.0 

+3,876.8 

+3,876.8 

+6,011.0 

+8,239.9 

-6.0 

-49.6 

-462.0 

-1,593.0 

+153.88 

+2401.8 

+ 19,689.0 

+22,090.9 


Safe superimposed uniformly distributed load for moment = 447,900 
- 24,380 - 423,520 lb. 

Total safe load on the basis of shear resistance, Wg = 2 p^Aw where Pa = safe 
shearing stress considered as an average stress on the webs only and Aw — gross 
area of the webs. From the table, Aw = 39.00 sq. in., hence 


Wa = 2 X 12,000 X 39 = 936,000 lb. 

Hence safe superimposed uniformly distributed load, so far as shear is concerned, 
is 936,000 — 24,380 = 911,620 lb. The capacity is, therefore, determined by 
moment rather than shear. 

116. Flange Riveting of Plate and Angle, Three-Web Box Girder. —Find 
the theoretical rivet spacing required in the flanges of the box girder of Art. 115 
at a point 4 ft. from one support under the maximum safe load. 

Rivets, I in. p, = 13,500 lb. per sq. in. pb = 24,000 lb. per sq. in. if in 
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single shear and 30,000 lb. per sq. in. if in double shear. Assume that at the 
section considered there is only one cover plate on each flange. 

As the total safe uniformly distributed load, including the weight of the 
girder, is 447,900 lb., the load per lineal foot is 447,900/40 = 11,198 lb. and the 
total shear at a section 4 ft. from one support is 11,198 X (20 — 4) = 179,000 lb. 

Unloaded Flange ,—^According to Eq. (9) of Art. 113, the safe pitch of rivets 
attaching a part of the unloaded flange of a box girder to the remainder of the 
section is 


ml 



the gross, rather than the net, moment of inertia being used. 

For the rivets through the bottom flange angles and the web plates, Q is the 
statical moment of these flange angles and the tension cover plate taken about 
the neutral axis of the whole section. For the rivets through the bottom flange 
angles and the cover plate, Q is the statical moment of the tension cover plate 
alone. Table 3, which is readily prepared from the quantities in the table 
of Art. 115, shows the computation of Q. All distances are taken as positive, as 
in this calculation Q is an arithmetical quantity. 


TABLE 3 


Computation or Q for Girder Flange 


Part of Section 

Area of Part, 
Square Inches 1 

i 

1 

Distance (t/o) from 
Assumed Neutral 
Axis to Gravity 
Axis of Part, 
Inches 

Statical Moment 

Q — Ay^oi Part, 
Inches® 

1 bottom cover.... 


+ 13.60 

+ 189.0 

4 bottom angles.... 

4-28.44 

+11.52 

+328.0 




+517 0 


The least value, v, of a rivet through an outer web is its single shearing value 
= 0.601 X 13,500 = 8110 lb., while for one through the f-in. inner web it is its 
double shearing value, or 16,220 lb. The gross moment of inertia of the section 
at this point is found, with the aid of Table 2, to be 14,398 in.* 

Since each of the outer webs is one-half the thickness of the middle one, the 
amount of total shear at the section under consideration resisted by an outer 
web = 179,000/4 = 44,750 lb. and by the inner web it is 89,500 lb. 

Hence, for the rivets through an outer web (n = 1) 


8110 X 14,398 
517 X 44,750 


5.04 in. 











138 


ELEMENTARY STRUCTURAL PROBLEMS 


For the rivets through the inner web (rt = 1) 


16,220 X 14,898 
517 X 89,500 


= 5.04 in. 


Rivets connecting a cover plate to the flange angles have as their safe resist¬ 
ance the single shearing value, or 8110 lb. Q, from the table, is 189 ,1 is as above, 
and V is as enii)loyed for the corresponding ribs in the calculation above. Hence 
the theoretical pitch of the rivets tlirough an outer flange angle and a cover 
plate (a = 1) is 


8110 X 14,398 
189 X 44,750 


13.8 in. 


Two angles being attached to the centre rib, which takes double the shear of 
an outer rib, and two rows of rivets being driven through these angles into the 
cover plate, p will work out also as 13.8 in. Practical limitations respecting 
rivet spacing w^ould require this theoretical pitch to be reduced in all cases so as 
not to exceed 6 in. 

Loaded Flange .—Rivets through the top flange angles and the webs must 
not only resist the incrernoiit of horizontal shear })er lineal inch, but must trans¬ 
mit to the webs the superimposed load i)er lineal inch. Hence, according to 
E(p (10) of Art. 113, the theoretical ])itch should b(‘ for loaded flang(‘s 


V = 



In this case w, for an outer rib = 423,520/480 X 4 = 220 lb. i)er lin. in., 
assuming { of tin* vertical superimposed load as going to an ouh^ rib. Hence 
for an outer rib (/z = 1) 


V == 


8110 


|/ 517 X 44,75() Y 

IV i-i/ws ) 



= 5.01 in. 


For an inner rib (a = 1) 
V 


16,220 


/5172<^.Y , 

\ 14,398 / 


5.01 in. 


So little difference arises in the spacing of the riv(‘ts in the top and l)ottom 
flanges that the pitch would be made the same for both, say, 5 in. at this section. 

For the cover plah; rivets on th(» top flange, the j)itch would })e the same as 
for those on the bottom flange. The direct vertical loading does not influence 
these rivets. 

117. Length of Flange Plates for Girder with Irregular Loading. —I^et the 
sui)erimposed load for the girder of Art. 114 be, instead of uniform, two uiieciual 
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concentrated loads, as shown in Fig. 74. Determine by graphical means the 
theoretical and practical length of the outer cover plates. 

The bending moment and the required section modulus at the points of 
concentrated loading and at certain intermediate points is set forth in 
Table 4. The section modulus required is plotted for the whole span in Fig. 
74, it })eing assumed as fairly represented by a straight line between the points 
mentioned in the table at the end of this article. 



Fig. 74.—Graphical Determination of Length of Flange Plates. 

In the problem of Art. 114 the net corrected section modulus of the girder 
at its maximum section is 483 in.\ and at a section where only the beams and 
the inn(»r cover ])lates exist, it is 337.,5 in.^ Plotting the latter quantity verti¬ 
cally (m the s(»ction modulus diagram of Fig. 74, and drawing a horizontal line 
across the diagram, the iioints of theoretical cut-off of the outer plates are found 


TABLE 4 

Required Section Modulus for Box Girder 


Distance of 
Point from 
Left Support, 
Feet 

Uniform Ixiad 
Moment, 
Foot-Pounds 

Moment from 
Concent rat eil 
Ix)ad, 

Foot-Pounds 

Combined 

Moment, 

Foot-Pounds 

Required 

Section 

Modulus 

Sy Inches* 

3 0 

7,875 

314,250 

322,125 

242 

i\ 0 

13,500 

628,500 

642,000 

482 

10 0 

17,500 

615,500 

633,000 

475 

14.0 

17,500 

602,500 

620,000 

465 

19.0 

11,875 

301,250 ! 

313,125 

235 
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where this line cuts the section modulus graph. Theoretically these plates 
should be 12.55 ft. long. 

Adding about 9 in. at each end to ensure that they are available for service 
where first needed, the plates would be made about 14 ft. long in practice. The 
left-hand end should be located about 3.4 ft. from the centre of the left-hand 
support. 

118. Exercise Problems on the Design of Box Girders.—The following 
exercise problems are based on the principles employed in the solution of the 
problems of this chapter. See Appendix I for the answers. 

(1) Calculate the section modulus of the girder of Art. 114, assuming the neutral 
axis as at the gravity axis of the net, rather than of the gross section. Where does 
the former axis lie? 

(2) A box girder of 20 ft. centre to centre consists of two 15-in., 42.9-lb. I’s 
with a 14 X 2 -in. plate riveted to each flange by J-in. rivets. Find the greatest 
allowable uniformly distributed load which the girder can carry in addition to its 
own weight, p/ = 16,000 lb. per sq. in.; p, = pdc = 10,000 lb. per sq. in. 

(3) A box girder of 24 ft. span consists of two 15-in., 42.9-lb. Ts and four flange 
plates 14 X |-in. Assuming that the girder has been designed for a maximum 
flexural stress of 16,000 lb. per sq. in., find the number and distribution of J-in. rivets 
required in the flange plates. Safe shearing and bearing stresses on rivets * 12,000 
and 24,000 Ib. per sq. in. respectively. 

(4) A box girder of 20-ft. effective span consists of two 12-in., 31.8-lb. I’s with 
one 14 X ^-in. plate on each flange. What is its total capacity in pounds per lineal 
foot? Rivets, I in. p/ = 16,000 lb. per sq. in. p« = pHr = 10,000 lb. per sq. in. 
Maximum allowable deflection == 1/360 of span. E ~ 29,000,000 lbs. per sq. in. 

(5) Find the theoretical lengths of the outer and middle cover plates of the box 
girder of Art. 115, Fig. 73. 
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119. Formulae for Plate Girders.—Tlie following formulae are specially 
applicable to the design of plate girders: 

Shearing stress at any point on a cross section 




QV 

It 


( 1 ) 


Proportioning for shear, web absorbing uniformly all the shearing force V 

V 


ftw ~~ 


hi 


( 2 ) 

(3) 


Proportioning for moment by the exact, or moment of inertia, method 

Mye M 




s 


M = Mr = — = Sp, 

Ve 

Proportioning for moment by the approximate (truss-chord) method 


(4) 

(5) 


f 

•" (.4/ -t- eAu)d 

(6) 

J = 

(A/ “b cA-ip^d 

(7) 

Mrt = (A/ + €Aw)Pld 

(8) 

Mrc ~ (A/ ”b €Aip')pcd 

(9) 

At = A/ + eA^^^ 

Ptd 

(10) 

A/ = - - eA^ 

Ptd 

(11) 

Ac = Af A- c-lu. = 

Pt4 

(12) 

9 

li 

(13) 
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Proportioning girders with inclined flanges for shear and moment; 

Top flange horizontal, bottom flange sloping downward to right at angle a 


M tan a 


V- 

d 

r - 

M tan a 

d 


f ^_ 

{A/ €Au})d cos a 


{Af + eAw)d 


Top flange sloping upward to right at angle (iy bottom flange sloping down¬ 
ward to right at angle a 

Vw = r — ~ (tan a + tan fi) (18) 


V -- (tan a + tan (3) 

d 


(.4/+ 


(Af 4- eAw)d cos li 


Top flange sloping downward to right at angle (iy bottom flange sloping 
downward to right at angle a 

M 

Vw = V —— (tan a — tan fi) (22) 


V -— (tan a — tan (3) 

d 


(Af 4“ eAw)d cos a 
M 

(Af A- eAw)d cos 


Theoretical length of any cover plate for uniformly loaded girder 

/ n. A- n.„ A- 


, /«! 4 “ 4 - . . . 

‘•■'I- A - ) 
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Maximum deflection of a girder of variable section 


E I 


Rivet pitch in flanges; 

In unloaded flanges and in cover plates 


In loaded flanges 



Flange stress apportionment factor; 

P'or the angles and jjlates of a flange, exclusive of web equivalent 


For the cover plates only 


K = 

Af -f- cAxo 



Af 4 “ ^A 



(28) 

(29) 


(30) 

(31) 


Rivet pitch in unloaded sloj)ing flanges, measured along the slope of the 
flange, and in the cover plates on these flanges 


71 vd 


(32) 


where Vw i*'' given by Eqs. (14), (18) or (22), whichever applies. 

Approximate stress in a girder flange due to a combination of vertical and 
lateral moment, 


Tension flange 


Compression flange 


/x + /v = 


/x + /w = 




{Af 4 “ eAtv)d 
Mx 

{Af 4 ” cAxff)d 


1 ^ y^e 

(33) 

3/ yXf 

ly 

(34) 


Permissible spacing of inUTinediatc stiffeners, American Institute of Steel 
Construction—Buildings (1934): 


Sc = 85 tV'aS.OOO U) - 1 


(35) 


but not over 72 in. 

American Association of State Highway Officials—Highway Bridges (1931): 

Sc = 100 <V(24,000,/„) - 1 (36) 

but not over 72 in., nor the depth of the web. 
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American Railway Engineering Association—Railway Bridges (1935): 

255,000 < ’IfJ 


but in no case is s, the spacing centre to centre, to be over 72 in. 
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The significance of the symbols employed in the above formulae, and else^ 
where in this chapter, is as follows: 

A = total area of a flange, including the web equivalent; 

Ac = area required for the compression flange, including the web equivalent; 
Af — gross area of the particular flange to which the expression applies, 
exclusive of web equivalent; 

Af = net area of the tension flange, exclusive of web equivalent; 

Ap = area of cover plate or plates considered; 

At = effective area required for the tension flange, including the web equiv¬ 
alent; 

Aw ^ hi = gross area of a girder web; 
a\ = area required of outside cover plate of a flange; 
a*, az,, .On — areas of successive cover plates of a flange counting from the 
outside, beginning with the second plate; 
a = angle of inclination to the horizontal of the bottom flange of a girder; 
6 = breadth of a girder flange; 

= angle of inclination to the horizontal of the top flange of a girder; 

A = maximum deflection of a girder; 

c = clear depth of web between flange angles, or side plates, in inches; 
d = effective depth of a girder, that is, the distance between centres of 
gravity of the flanges; 

E = modulus of elasticity of the material; 

e — w^eb equivalent fraction, that is, the fraction of the gross area of the 
w^eb that may be considered as available flange material concentrated 
at the centre of gravity of a flange; 
fat = existing average shearing stress on a girder web; 
fc = existing average compressive stress in the compression flange; 
fe = existing fibre stress due to flexure at an extreme fibre distant from 
the neutral axis; 

fs = true shearing stress existing at any fibre distant y from the neutral 
axis; 

ft = existing average tensile stress in the tension flange; 

fx = existing maximum fibre stress due to flexure about the a;-axis; 

fy = existing maximum fibre stress due to flexure about the y-axis; 
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h *= depth of girder web plate; 

1 « moment of inertia of the cross section al^out its gravity axis normal to 
the plane of bending; 

ly =“ moment of inertia of the cross section about the y-axis; 

K = a, flange stress apportionment factor, representing the ratio of the 
total stress borne by a part, or all, of the flange material proper to 
the total stress borne by the full flange area, including the web 
equivalent; see Eqs. (30) and (31) of this article; 

I = span, centre to centre of bearings; 

V = spacing of lateral supports to a compression flange; 

M = bending moment; 

Mr = moment of resistance of a cross section; 

Mrc = moment of resistance of a girder based on the strength of the compres¬ 
sion flange; 

Mri == moment of resistance of a girder based on the strength of the tension 
flange; 

Mx = bending moment about the x-axis; 

My = bending moment about the y-axis; 

m = bending moment at the centre of any segment of a beam due to a load 
of 1 lb. acting at the point where the deflection is required; 

n = number of rivets in a row transverse to the axis of a part being con¬ 
nected; 

p = pitch of rivets; 

Pr == pennissible stress in compression; 

P/ = permissible flexural stress at extreme fibre; 

Pa = pennissible shearing stress; 

Pt = pennissible tensile stress; 

Q = statical moment of the area above or below a given point on a beam 
cross section, taken about the neutral axis; 

S = effective section modulus of a girder subjected to symmetrical bending, 
required or provided, as the expression may indicate; 

8 — spacing of stiffeners, centre to centre, in inches; 

8c = clear spacing of stiffeners, in inches; 

t = thickness of the web of a girder; 

V = total vertical shear at a cross section; 

Vu> = total vertical shear resisted by the web of a girder, one or both of the 
flanges of which are inclined to the horizontal; 

V — least value or safe resistance of a rivet; 

w = vertical load per inch of length applied directly to a flange of a girder; 

Xe = normal distance from the p-axis to the extreme fibre of a flange; 

Xn = theoretical length of the nth cover plate on a flange, counting from the 
outside; 

t/e — distance of an extreme fibre of a beam from the neutral axis. 

120. Design of Plate Girder Web for Shear. —The maximum end shear 

a plate girder is 140,000 lb. and the web must be 42 in. deep by reason of the 
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bending moment. Determine the necessary section of the web according to 
two specifications: (1) = 10,000 lb. per sq. in. of gross area, and 

(2) = 12,000 lb. per sq. in. of net area. In both cases it is to be assumed 
that the shear is uniformly distributed over the web plate and wholly absorbed 
by it. Rivets, I in. Nominal rivet pitch in end stiffeners, 3^ in. 

Case 1 .—Gross area required, from Eq. (3) of Art. 119 = = V/pa 

= 140,000/10,000 = 14.00 sq. in. Use a 42 X web plate for which Au, = 42 
X I = 15.75 sq. in. A 42 X i^-in. plate is insufficient. 

Case 2 .—Net area required = 140,000/12,000 = 11.67 sq. in. Since there 
may be J-in. holes spaced 3^ in. apart in the end stiffeners, the loss of area at 
the section of maximum shear may be 0.875/3.5 = 25%. Hence, the gross area 
required in web = 1.33 X 11.67 = 15.56 sq. in. A 42 X i-in. web plate with 
Ato — 15.75 sq. in. will be adequate. 

121. Design of Web for Diagonal Compression. —A plate girder 32^ in. 
back to back of flange angles with 6 X 6-in. flange angles and an unstiffened 
32 X web plate is subjected to a maximum shear of 120,000 lb. Report 

on the safety of the web in diagonal compression on the basis of the A.I.S.C. 
specification, whereby pa = Pdc ~ 18,000/(1 -f 7200 for the gross area 
of unstiffened webs where c, the clear distance between flanges, exceeds 60 times 
the web thickness and p« = pdi in no case exceeds 12,000 lb. })er s(i. in. 

Average existing stress on web, from E([. (2) of Art. 119 is 


As 

therefore 

Hence 


120,000 

= 12,000 11). per sq. m. 


/ =- = 

ht 32 X 0.3125 

f = 32.5 — 2 X 6 = 20.5 in., and t = 0.3125 

c t = 20.5/0.3125 = 65.7 

1^»000 

P. =-= ll,2o0 lb. per sq. m. 


1 + 


(65.7) 

7200 


The web is, therefore, overstressed and should either be thickened or stiffened. 

122. Moment of Resistance of Plate Girder by Exact and Approximate 
Methods. —Calculate (1) by the exact, or moment of inertia, method, and 
(2) by the approximate, or truss-chord, method, the safe moment of resist¬ 
ance of the plate girder section shown in Fig. 75. 

Permissible stress in tension flange, pt = 16,0(X) lb. per sq. in. of net area. 
Permissible stress in compression flange, Pc = 14,500 lb. per sq. in. Web 
equivalent, e = -f. Rivets, | in. 

Exewt Method .—The net section modulus of the girder will be found by 
obtaining the net section modulus with respect to the gravity axis of the 
gross section and then applying an appropriate correction for the error in 
the assumption of the position of the neutral axis. 
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By taking statical moments of all gross are^ about the horizontal axis 
through the centre of the web, designating moment arms above and below 
this axis as respectively positive and negative, the distance of the centre of 
gravity of the gross section from the axis of reference is found. The distance 
is 1.31 in. below the centre of the web. 

The moment of inertia of the gross section about its own gravity axis is then 
found to be 35,417 in.** 

The moment of inertia of the holes 
below the gravity axis of the gross section 
(sec Fig. 75) taken about this axis is found 
to be 2996 in.”* 

Uncorrected net moment of inertia = 

35,417 — 2996 = 32,421 in.^ and uncor- 
rectc'd section modulus = 32,421/28.56 = 

1136 in.®, the extreme fibre being at the 
upper compressive surface. 

Applying the correction factor 1.0 — 

0.25, of E(i. (23), Art. 72, and Eq. (4), 

Art. 113, the corrected net section mod¬ 
ulus - {1.0 - 0.25/(55.25)^^ } X 1136 = 

1098 in.® 

Moment of resistance of section on 
the basis of a maximum extreme fibre 
stress of 14,500 lb. per sq. in., which is the limiting stress at the most highly 
stressed (compressive) fibre, is from Eq. (5) of Art. 119 

Mrc = 1098 X 14,500 = 15,920,000 in.-lb. 



Fia. 75.—Moment of Resistance of 
Plate Girder. 


Approximate Method .—As the two flanges may not be equally strong, the 
moment of nvsistance with respect to each must be calculated and the lesser 
adopted as the governing one. 

The critical right section is that containing the stiffener rivet holes, as this is 
the worst for the web and as weak a section as can be selected for the tension 
flange. 

Coll^ide^ing the method of calculating deductions from tension members or 
flanges explained in Art. 5, it is seen that the maximum deduction is two holes 
from each angle and two from each flange plate. The net area of the tension 
flange would then be as follows: 


Two 6 X 6 X 8 “in. angles = 14.22 — 4X1 X 0.625 
Two 14 X ?“in. plates = 10.50 - 4 X 1 X 0.375 
Web equivalent = 4^ X 54 X 0.375 


= 11.72 sq. in. 
= 9.00 sq. in. 
= 2.89 sq. in. 


Total net area = 23.61 sq. in. 

The effective depth is found by subtracting from the distance back to back 
of flange angles, the estimated distance from these surfaces to the centres of 
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gravity of the flanges. For the top flange this is obviously 4 in., and for the 
bottom flange it may, since cover plates are used, be taken safely as the distance 
to the edge of the web plate (Art. 123), or 0.25 in. Hence d = 54.5 — (4 + 0.25) 
= 50.25 in. 

Moment of resistance of girder with respect to tension flange, from Eq. (8) 
of Art. 119, is 

Mrt = 23.61 X 16,000 X 50.25 = 19,000,000 in.-lb. 

The gross area of the compression flange, including y of gross area of web 
= 27.07 sq. in., and hence moment of resistance of girder with respect to com¬ 
pression flange is, from Eq. (9) of Art. 119 

Mrc = 27.07 X 14,500 X 50.25 = 19,700,000 in.-lb. 

The governing moment of resistance is, therefore, that of the tension flange. 
It exceeds the moment of resistance by the exact, or moment of inertia, method 
by 19,000,000 - 15,920,000 = 3,080,000 in.-lb., or 19.4%. 

The apj)roximate method is not sufficiently accurate for shallow girders with 
heavy, and particularly four-angle, flanges. Had the w^eb equivalent e been | in¬ 
stead of 4" the excess would have been 17.5%, which is 
also too wide of the mark. 

123. Flexural Sufficiency of Girder with T- 
Flanges.—A plate girder of 60-ft. span, centre to 
centre of bearings, carri(*s a total uniformly dis¬ 
tributed static load, including its own weight, of 6800 
lb. jier lin. ft. Its composition at the centre is as 
shown in Fig. 76. The toj) flange is supported trans¬ 
versely at inUTvals of 12 ft. 6 in. ReiK)rt on its 
flexural sufficiency according to the approximate, or 
truss-chord, method of proportioning. 

Rivets, I in. Permi.ssibl(» stress in compression 
flange, p, = 10,0(K) — 150^/6 lb. per sq. in., where 
V = spacing of lateral supports to the top flange and b 
= breadth of the flange. Permissible stress in ten¬ 
sion flange, pt = 16,000 lb. per sq. in. of net area. 
Web equivalent, c = J. 

Maximum bending moment M = ie/V8 = 6800 X 
(60)2 X-'/ = 36,720,000 in.-lb. 

The gross area of cither flange is as follows: 

2 angles, 6X6Xfin. = 2 X 8.44 = 16.88 sq. in. 

3 cover plates, 14 X f in. = 3 X 5.25 = 15.75 sq. in. 

Web equivalent, J X 72 X 0.4375 == 3.94 sq. in. 

Fig. 76.—Flexural Strength - 

of Plate Girder. 36.57 sq. in. 

The critical section of the tension flange obviously passes through one of the 
inner lines of rivets in the web splice plate and through the corresponding flange 
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angle rivets nearest the centre line of the girder, as shown in Fig. 76. The 
effect of the rivet holes on the contribution of' the web to the net area of 
the tension flange is looked after in the value of the web equivalent specified, 
viz. J. From each angle a deduction in accordance with the method of Art. 
6 should be made. If the gauge of the outstanding leg be 4 in., and the angle 
be developed as in Fig. 76(6), the distance between the gauge lines containing 
the two rivets in question is 5f in. and the stagger is 1 in. From Fig. 1(c), the 
deduction for one angle is, therefore, 1 + 0.98 = 1.98 holes, and for two angles 
it is 3.96 holes. For each plate the deduction is 2 holes. Hence the net section 
of the tension flange is as follows: 

2 angles, 16.88 ~ 3.96 X 1 X 0.75 = 13.91 sq. in. 

3 cover plates, 15.75 — 6 X 1 X 0.375 = 13.50 sq. in. 

Web equivalent == 3.94 sq. in. 

31.35 sq. in. net 

The effective depth may be taken as approximately equal to the depth of the 
wcl) plate. To verify the soundness of this assumption, let the position of the 
centre of gravity of a flange be calculated. Gross areas are manifestly to be 
used for the compression flange, and so slight is the effect of the holes in altering 
the position of the centre of gravity of the tension flange, that they may be 
disregarded and the same results used for the two flanges. 

Taking the statical moment of the areas of the angles and cover plates (but 
no part of the web) about the gravity axis of the angles as a reference axis. 
Fig. 77, we have 16.88 X 0 + (15.75 X 2.34) = 36.9 in.® Dividing by 32.63, 

the gross area of the angles and 
^ ^ /5pfs /4'ki" cover plates, the distance of 

.. ~ the centre of gravity of the 

. ^ flange from the gravity axis of 

^ Graviiy Ajcfs the angles is 36.9/32.63 = 1.13 

in. and from the back of the 

T, t n A • f T-i angles it is 1.78 — 1.13 = 0.65 

Fio. 77.—Determination of Gravity Axis of ilange. . r«, , , i . 

in. The calculated effective 

I X 0.65 = 71.2 in. or only 1.1% less than the depth 


depth is, therefore, 72.50 — 2 X 0.65 = 71.2 in. or only 1.1% less than the depth 
of the web. 

Average stress in the compression flange under maximum loading is from 
Eq. (7) of Art. 119. 




36,720,000 _ 

—^ = 14,100 lb. per sq.m. 
36.57 X 71.2 ^ * 


Corresponding stress in the tension flange is, from Eq. (6), of Art. 119 




36,720,000 
31.35 X 71.2 


= 16,450 lb. per sq. in. 
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For the tension flange the permissible stress is j>t = 16,000 lb. per sq. in. of 
net area, but for the compression flange it is only Pc = 16,000 — 150 X 150/14 
== 14,390 lb. per sq. in. of gross area. The girder is, therefore, overstressed 
in the tension flange and uiiderstressed in the compression flange. 

124. Shear and Flexural Sufficiency of Girder with Sloping Tension 
Flange.—^At a section where the maximum total vertical shear is 100,000 lb. 

and the maximum simultaneous bending 
moment is 1,000,000 ft.-lb. a girder has 
the composition indicated in Fig. 78, the 
bottom flange being inclined to the hori¬ 
zontal at an angle of 20 deg. Report on 
the sufficiency of the girder for shear and 
moment. 

Web equivalent, e — The top flange 
is supported laterally at intervals of 11 ft. 
Ps = 10,000 lb. per sq. in. of gross area. 
Pc — 15,000 — 150 V/h lb. per sq. in. of 
gross area, where V = spacing of lateral 
supports to the flange and h = breadth of 
the flange, pt == 16,000 lb. per sq. in. of 
net area. Rivets, | in. 

Shear. —At the section under considera¬ 
tion the depth of the web plate, /i, is 52 in. 

With one cover plate only on the top 
flange, the centre of gravity of the flange 
is somewhat low’cr than the edge of the web plate, or say 0.3 in. below the back 
of the angles. For the bottom flange it is, allowing for the slope of the flange, 
about 1.2 in. vertically above the back of the angles. Hence, the effective 
depth, d, of the girder = 52.5 — (0.3 + 1.2) = 51.0 in. 

From Eq. (14) of Art. 119, the shear borne by the web, apart from that 
absorbed by the inclined bottom flange with its web equivalent, is 

1,000.000 X 12X0.3639, 

51 



Fu, = 100,000 


Hence from Eq. (15) of Art. 
web is 


faa ~ 


14,500 
52 X 0.375 


119, the existing average shearing stress on the 
750 lb. per sq. in. 


This is much below the allowable 10,000 lb. per sq. in. 

Moment .—The net area of the tension flange, including the web equivalent, 
is as follows: 

Two angles, 6 X 4 X f in. = 13.88 

— 2 X 1 X 0.75 = 12.38 sq. in. net 

Web equivalent, J X 52 X 0.375 = 2.44 sq. in. net 

Af + eAu, = 14.82 sq. in. net 
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Hence, from Eq. (16) of Art. 119 
1,000,000 X 12 
~ 14.82 X 51 X 0.9397 


= 16,900 lb. per sq. in. 


As the permissible tensile stress is pt = 16,000 lb. per sq. in., this flange 
should be increased in section. 

The gross area of the compression flange, including the web equivalent, is 
as follows: 

Two angles, 6 X 4 X in. = 8.36 sq. in. 

One plate, 14 X | in. == 5.25 sq. in. 

Web equivalent, ^ X 52 X 0.375 = 2.44 sq. in. 

Af + eAu, = 16.05 sq. in. 


Hence, from Eq. (17) of Art. 119 
_ 12 , 000,000 ^ 
” 16.05 X 51 “ 


14,650 lb. per sq. in. 


As Pc — 16,000 — 150 X 132/14 = 14,590 lb. per sq. in., the flange is 
slightly overstrossed in flexure, but not enough to warrant an increase in section. 



Fig. 79.—Graphical Determination of Length of Flange Plates. 


126. Graphical Determination of Length of Flange Plates.—A girder of 
60-ft. span, centre to centre of bearings is loaded with a uniformly distributed 
load of 1200 lb. per lin. ft., including its own weight, and in addition with 
three concentrated loads as shown in Fig. 79. The composition of the flanges 
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at the point of maximum moment is as set forth in the problem of Art. 123. 
Find the points of theoretical and practical cut-off for the flange plates on the 
tension flange. Web equivalent, e = J. = 16,000 lb. per sq. in. of net area. 

The moments at intervals of 5 ft. and the corresponding required 
areas of the tension flange are set forth in Table 5. In determining the 
latter the effective depth of the girder has been assumed as the depth of the web, 
or 72 in., at all sections. For an exact solution this would not be sufficiently 
accurate, being most in error near the ends of the span. Strictly, it should be 
computed from the position of the centres of gravity of the flanges and should 
be determined for each change of section. 

On Fig. 79 the required net areas of the tension flange at the successive 
sections are plotted vertically, and the areas of flange elements assigned to meet 
these requirements are plotted to the same scale. 

The points of theoretical cut-off are fixed in the same manner as for the 
problem of Art. 117. To ensure that the i)lates are available for stress at the 
points where first needed, they are extended about a foot past each point of 
theoretical cut-off. Scaling from Fig. 79, the lengths of the three plates should 
be, counting from the outside, 25 ft., 33 ft., and 40 ft. 9 in. respectively, and the 
location of these plates with respect to the supports may also be determined by 
scaling. 

A similar diagram should })roperIy be made for the com})ression flange and 
the lengths of corresponding plates on the two flanges made the same. 


TABLE 5 

Required Area of Tension Flange at Various Sections 


Distance of 
Point from 
Left Support, 
Feet 

Moment from 
Uniform Load, 
Foot-Pounds 

Moment from 
Concentrated 
Load, 

Foot-Pounds 

1 

Combined 

Moment, 

Foot-Pounds 

Required Net Area 
of Tension Flange, 
A/+2l„./8, 
Square Inch 

6 

105,000 

617,500 

782,500 

8 2 

10 

300,000 

1,235,000 

1,535,000 

16 0 

15 

405,000 

1,852,500 

2,257,500 

23 5 

20 

480,000 

2,470,000 

2,950,000 

30 8 

25 

525,000 

2,472,500 

2,997,500 

31 2 

30 

540,000 

2,475,000 

3,015,000 

31 4 

35 

525,000 

2,477,500 

3,002,750 

31 3 

40 

480,000 

2,120,000 

2,600,000 

27 1 

45 

405,000 

1,762,500 

2,167,500 

22 6 

50 

300,000 

I 1,405,000 

1,705,000 

17 8 

55 

165,000 

702,500 

867,500 

9 0 


126. Rivet Pitch in Plate Girder Flanges.—At a certain section of the 
plate girder shown in Fig. 75 the total vertical shear is 78,000 lb., the make-up 
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of the cross section being as indicated in that illustration. The top flange carries 
a directly applied vertical load of 6720 lb. per lin. ft. Calculate the theoretical 
rivet spacing in the vertical legs of the flange angles and in the cover plates on 
the bottom flange. 

Web equivalent, c = y- Rivets, | in. p, = 10,000 lb. per sq. in. 

20,000 lb. per sq. in. 

Loaded Flange ,—From Eq. (29) of Art. 119 the pitch of the rivets in the 
vertical legs of the angles of a loaded flange, n being equal to two, is 


2v 



The least value or safe resistance, v, of one rivet in this situation is its bear¬ 
ing value on the |-in. web, which is 0.875 X 0.375 X 20,000 = 6560 lb. 

For the top flange the value of A', as defined in Eq. (30) of Art. 119, is the 
gross area of the angles and flange plates of this flange divided by the sum of 
this area and y of the gross area of the w^eb. 

The area of the angles and jilates of this flange, A /, is 

= 13.68 sq. in. 

= 10.50 sq. in. 

= 24.18 sq. in. 

= 2.89 sq. in. 

= 27.07 sq. in. 


4 angles, 6 X 3j X | in. = 4 X 3.42 
4 plates, 6 X in. = 4 X 6 X 0.4375 

Total value of A/ 

Web equivalent = eAu; = y X 54 X 0.375 
A/ + eAy, 


Hence 


K = 


24.18 


24.18 + 2.89 


= 0.89 


In the data, V is given as 78,000 lb. 

The effective depth, d, has already been determined in Art. 122, as 50.25 in. 
The direct vertical loading on the top flange must be based on the inch as 
the unit of length. It is, therefore, 6720/12 = 560 lb. per lin. in. 

Hence, the theoretical pitch required is 


2 X 6560 


[/ 0.89 X 7S.(K)Q Y^ 
[\ 50.25 / 


+ (560)2 


8.83 in. 


The maximum allowable pitch is, of course, 6 in. 

Unloaded Flanjge ,—From Eq. (28) of Art. 119, the staggered pitch of rivets 
in the vertical legs of the angles of an unloaded flange (n = 1) is 


vd 


KV 
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The values of r, d and V have already been established in connection with 
the calculation of the top flange spacing. Applying Eq. (30) of Art. 119, the 
gross area of the tension flange being 24.72 sq. in., exclusive of web equivalent, 


K = 


24.72 

24.72 + 2.89 


= 0.89 


Since the gross area of the two flanges will always be very nearly, if not 
exactly, equal, the value of K determined for one flange will apply with sufficient 
exactness to the other, as is evident from the above computations of K. 

The theoretical staggered i)itch is, therefore 


OoGO X 50.25 
0.89 X 78,000 


Tension Flange Coiner Plates .—From Eq. (28) of Art. 119, the pitch of the 
cover plate rivets driven in pairs is 


V = 


2 vd 


The safe resistance, e, of a rivet in this situation is its single shearing value 
= 0.601 X 10,000 = 6010 lb. 

The quantities d and V are already known. The value of K is to be deter¬ 
mined from Eq. (31) of Art. 119. 

For the bottom flange, on which these cover plates occur, the gross areas are: 

Ap = 10.50 sq. in.; A/ = 24.72 sq. in. The 

Hence 



value of Aw is 20.25 sq. in. 

10.50 


K = 


= 0.38 


24.72 + 0.143 X 20.25 

The theoretical pitch of the cover plate 
rivets is, therefore 


P = 


2 X 6010 X 50.25 
0.38 X 78,000 


= 20.4 in. 


Fia. 80.—Riveting of Sloping Flanges. 


The maximum permissible pitch is 6 in. 
in the line of stress. 

127. Riveting of Sloping Flanges.— 

A plate girder with sloping flanges, com¬ 
posed as indicated in Fig. 80, is subjected to a total vertical shear of 80,000 
lb. at a certain section and a simultaneous moment of 850,000 ft.-lb. 
Neither flange carries any directly applied vertical load. Find the theoretical 
rivet pitch in both flanges and in the cover plates. 

Web equivalent, e = J. Rivets, | in. p, = 10,000 lb. per sq. in. pb =* 
20,000 lb. per sq. in. 
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From Eqs. (32) and (18) of Art. 119, the^ pitch along the slope of either 
flange for the rivets through the web is, where only a single row is employed 


V = 


vd 


M 

K\V (tan a + tan ^) 
d 


The safe resistance, t;, of one rivet in this situation is its bearing value on the 
f-in. web, or from tables, 6560 lb. 

The effective depth, d, at this point may safely be taken as the depth of the 
web plates, or 46 in. 

The maximum shear V at the section Is given as 80,000 lb., and the simul¬ 
taneous moment is 850,000 X 12 = 10,200,000 in .-lb. 

Values of K for both the compression and the tension flanges may be calcu¬ 
lated from Eq. (30) of Art. 119. 

The gross area of the two angles and the plate of the compression flange is 
13.61 sq. in., and the corresponding gross area for the tension flange is 14.49 
sq. in. 

The web equivalent at this section is | X 46 X 0.375 = 2.16 sq. in. 

Hence, for the compression flange 


K = 

For the tension flange 

K = 


13.61 

13.61 + 2.16 
14.49 

14.49 + 2.16 


= 0.86 


= 0.87 


As has been iK)inted out in Art. 126, A, in general, for parallel flanges, is 
practically the same for the two flanges. It will be taken as 0.865 for both 
flanges in this casi'. 

Hence, the theoretical pitch for either flange, measured along the slope, is 


V = 


6560 X 46 


0.865180,000 


10,200,000(0.1405 + 0.0875) ] 
46 J 


6560 X 46 
0.865X29,400 


11.85 in. 


The maximum allow^able pitch is, however, 6 in. 

Cover Plaies .—From Eqs. (28) and (18) of Art. 119, the pitch of rivets in the 
cover plates, they being in pairs, is 

^ ^ _2_rd_ 

ii:|r - ^ (tan a + tan ^)| 

The safe resistance, y, of a rivet is its single shearing value = 6010 lb. 
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From Eq. (31) of Art. 119, for the cover plate on the top flange 

5.25 


K = 


13.61 + 2.16 
For the cover plates of the bottom flange 

6.13 


= 0.33 


K = 


14,49 -f 2.16 


= 0.37 




5p//ce 

3p/s./4"^f;\ 2Ls6 








Neu f ra/ 
^2p/s. 

2f/irs,3j 


) .. 


Adopting a mean value of 0.35 

2 X 6010 X 46 _ ^ . 

V — -= 53.7 in. 

^ 0.35 X 29,400 

For practical reasons the pitch must not exceed 6 in. 

128. Light-Duty Plate Girder Web Splice.—Design a web splice for cal¬ 
culated moment and simultaneous shear existing at a point 20 ft. from one sup¬ 
port of the girder of Art. 123, which has a sj)an of 60 ft. centre to c(‘ntre of bear¬ 
ings and carries a total uniformly distributed static load of 6800 lb. i)er lin. ft., 
considered for simi)licity, as all apiilied to the toj) flange. The composition of 
the girder at the section is as shown in Fig. 81. 

Web equivalent, e = 
Permissible stress in tension 
flange, pt = 16,000 lb. per 
sq. in. of net area. Per¬ 
missible stress in comjiression 
flange, Pc — 16,000 — 150 I'/b 
Ib. per sq. in. = 12,000 lb. 
I)er sq. in. pb = 24,000 lb. 
per sq. in. Rivets, \ in. 

This sj^lice is located at a 
favorable point, that is, just 
inside the ends of the outer 
covcT plates. TIk^ latter i)lates 
might be cut off theoretically 
at 1.35 ft. on the abutment 
side of the splice and are actu¬ 
ally discontinued about 2.5 ft. 
from the splice. The excess 
flange area existing at the splice 
may be considered as relieving 
the web of some of its bending 
moment. The web need be 


72''^f"Web 




1 





<— 20* to support — 'A<—/O'to CL of Span-- 
R/vefs, 

Fio. 81.—Light-Duty Web Splice. 


spliced, therefore, for only that amount of bending moment which it is called 
upon to carry. 
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Moment —^At the splice the bending moment in the girder is (Z =« span; 
X = distance from near support), 

Af « 2 “ I 

= I X 6800 X 60 X 20 - I X 6800 (20)® 

= 2,720,000 ft.-lb. = 32,640,000 in.-lb. 

Net area of tension flange, exclusive of web equivalent (see Art. 123), is 
27.41 sq. in. Letting the effective depth of the girder equal the depth of the 
web plate, or 72 in., the moment of resistance of the net area of the angles and 
cover plates of the tension flange is, from Eq. (8) of Art. 119 

Mrt = 27.41 X 16,000 X 72 = 31,600,000 in.-lb. 

Gross area of compression flange, exclusive of web equivalent (see Art. 123) 
is 32.63 sq. in. As pc — 16,000 — 150 X 150/14 = 14,390 lb. per sq. in., the 
moment of resistance of the angles and cover plates of the compression flange is, 
from Eq. (9) of Art. 119 

Mrc = 32.63 X 14,390 X 72 = 33,800,000 in.-lb. 


The maximum moment of resistance that can safely be developed is, therefore, 
that based upon the capacity of the tension flange. The web need consequently 
be spliced for a moment of only 32,640,000 — 31,600,000 == 1,040,000 in.-lb. 

In accordance with a method commonly employed in practice, the splice will 
be designed primarily for moment and then tested for shear. 

Two 13 X 8-in. vertical splice plates between the flanges, with two vertical 
lines of rivets on each side of the splice, as shown in Fig. 81, will be adopted. 
Without detailed calculation, it is apparent that both the shear and the flexural 
value of these two punched plates is equal to the corresponding values of the 
punched web. The vertical spacing of the rivets should, for convenience in 
fabrication, be based upon that used in the end and intermediate stiffeners, and 
this will be assumed as 42- in. for the inner rows, except two spaces of 3 in. at 
each end. In the outer rows every other rivet will be omitted. This will 
probably give a sufficiently strong splice in this location. 

The resisting moment of the rivets in the vertical splice plates on one side of 
the splice may be expressed as 



( 1 ) 


where v = least value of one flange rivet through the web, hi « distance between 
the extreme line of rivets in one flange and the corresponding line in the other 
flange, and = sum of the scjuares of the vertical distances of rivets on one 
side of the splice and on both sides of the neutral surface measured from the 
neutral surface. 

The safe resistance of one |-in. rivet is its bearing value on the web = 0.875 
X 0.4375 X 24,000 « 9190 lb. From Fig. 81, hi = 68 in. For the rivets in the 
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vertical splice plates, = 1 X (0)* + 4 X (4.5)* + 2 X (9.0)* + 4 X (13.5)* 
+ 2 X (18.0)* + 4 X (22.5)* + 2 X (25.5)* + 4 X (28.5)* = 8194.5. Hence 

Mrr = X 8194.5 = 2,215,000 in.-lb. 

This is considerably greater than the requirement, but to preserve uniformity 
of vertical spacing with the stiffener rivets the number of rivets will not be 
decreased. Besides there is the effect of shear yet to consider. 

Narrowing the splice plates so as to include only one line of rivets on each 
side of the splice would riot be permitted under most specifications, wliich require 
at least two rows of rivets on each side. 

While the splice provided more than develops the moment required of the 
web at this section, although it is 12 in. shallower than the web, it is well to put 
two additional rivets in the flange angles through the web on each side of the 
splice, in both flanges. This can be done by decreasing the required pitch of the 
flange rivets for a short distance on each side of the splice. The required iritch 
of flange rivets in the unloaded flange at this point, Eq. (28), Art. 119, is 8.9 in. 
If in 16 in. from the splice 4 rivets are used, as shown in Fig. 81, 2.2 of them are 
available for web splice purposes and the other 1.8 will meet flange riveting 
requirements. The excess flange material provided by reason of the cover- 
plate extensions at this point may be utilized as splice material for the parts of 
the web plate between the vertical legs of the flange angles. The web splice 
may then be regarded as covering the full depth of the web. 

If two rivets in each flange on one side of the splice be considered as wholly 
available for the web splice, they will contribute to the moment of resistance of 
the splice the amount 

X {2 X (31.5)2 + 2 X (34.0)2} = 1,160,000 in.-lb. 

The total moment of resistance provided in the splice would, therefore, be 
2,215,000 + 1,160,000 = 3,375,000 in.-lb. 

Shear .—Consider now the resultant stress on an extreme rivet due to the 
simultaneous action of shear and moment at the splice. The shear at the sec¬ 
tion is 6800 (30 - 20) = 68,000 lb. 

Due to the excess capacity of the splice for moment the moment stress on an 
extreme rivet in the flange will not need to be so much as the safe resistance of 
a rivet, or 9190 lb., but will be thus reduced in the ratio of the required moment 
of resistance of the splice to the provided moment of resistance, that is, 9190 
X 1,040,000/3,375,000 = 2830 lb. 

Regarding the shear as uniformly distributed over all the rivets in the two 
rows on one side of the splice from top to bottom of the girder, the stess produced 
thereby on any rivet is 68,000/27 = 25201b. 

The maximum resultant on an extreme rivet in the flange angles is, therefore, 
{(2830)* + (2520)*}^ = 3780 lb., or much less than the safe resistance of a 
rivet in this situation. 

The splice is, therefore, adequate for the combined effect of moment and shear. 
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129. Heavy-Duty Plate Girder Web Splice.—Design a web splice for the 
full moment of resistance of the web and the simultaneous maximum calculated 
shear existing at a point 17 ft. from one support of the girder of Arts. 123 and 128. 
Assume that the centre cover plates are terminated a short distance on the 
side of the splice next to the centre of the span, and that there is no appreciable 
excess flange area to lessen the flexural duty of the web. The number of rivets 
in splice plates not in direct contact with the part spliced is to be increased by 
10% for each intervening plate. Other data are as in Art. 128 and Fig. 82. 

Moment. —The web must be spliced for its full moment of resistance, or, 
from Eq. (8) of Art. 119, for 

Mru; = I X (72 X 0.4375) X 16,000 X 72 = 4,536,000 in.-lb. 

As in the problem of Art. 128, two 13 X f-in. vertical splice plates will be 
employed. The vertical spacing of rivets will be the same as in that problem, 
but all four vertical lines will contain the same number of rivets. Hence, for 
the rivets in the vertical splice plates, on one side of the splice, = 2 X (0)^ 
+ 4{(4.5)2 + (9.0)2 + ... + (28.5)2} = 10,305. Therefore, the moment of 
resistance of the rivets thus provided is, from Eq. (1) of Art. 128 

Mrr = X 10,305 = 2,785,000 in.-lb. 

The deficiency in required moment of resistance of the rivets, or 4,536,000 
— 2,785,000 = 1,751,000 in.-lb., will be supplied by providing additional rivets 
through the flange angles and the web, horizontal si)lice plates being placed on 
the vertical legs of these angles. 

It has been assumed that a rivet in the outer gauge lino of the flange angle 
has a value of 9190 lb. A rivet on the inner gauge line will at the same time, 
on the basis of relative distances from the neutral surface resist 9190 X 31.5/34 
= 8510 lb. The moments of resistance of these two rivets will be respectively 
9190 X 34 and 8510 X 31.5 in.-lb. If m rivets be required on the outer gauge 
line and n rivets on the inner gauge line of each flange for web splice purposes, 
it follows that (2m X 9190 X 34) + (2n X 8510 X 31.5) = 1,751,000 in.-lb. 
By trial, it is seen that this relation will be satisfied if m = 2 and n == 1, these 
rivets b(*ing for the present regarded as wholly available for the web splice. As 
the flange angles intervene between the horizontal splice plates and the web, the 
total number should be increased by 2 X 10 = 20%. Two rivets will, there¬ 
fore, be placed in each gauge line but the moment of resistance developed 
thereby will be taken as only of the nominal. 

Shear. —The effect of the shear at the joint in augmenting the stress on the 
exteme splice rivets in the flange should next be investigated. This shear is 
6800 (30 - 17) - 88,400 lb. 

The moment stress on an extreme rivet will be less than the safe resistance 
of the rivet in the ratio of the required moment of resistance of the splice rivets, 
4,536,000 in.-lb., to the provided moment of resistance, which is 2,785,000 
+ (I X 2 X 2 X 9190 X 34) + (I X 2 X 2 X 8510 X 31.5) = 2,785,000 
+ 1,935,000 = 4,720,000 in.-lb. The rivet stress, is, therefore, 9190 X 
4,536,000/4,720,000 = 8830 lb. 
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Due to shear, regarding all rivets in the two vertical rows on each side of the 
splice as resisting equally, the stress on each rivet is 88,400/34 = 2600 lb. 

The maximum resultant stress on an extreme rivet in the horizontal splice 
plates, is, therefore {(8830)2 ^ (2600)2}^ = 9210 lb. As this is practically 

the same as the safe resistance 
of a rivet, no additional rivets 
will be required because of shear 
effect. 

The horizontal splice plates 
must be proportioned to develop 
a moment of resistance equal 
to that developed by the web 
splice rivets in the flange, that is 
1,935,000 in.-lb. As the arm of 
the resistance to be developed by 
them, assuming them to contain 
the two gauge lines of the flange, 
is 65.5 in., their safe capacity 
must be 1,935,000/65.5 == 29,600 

'5' JM I I 1 I I'lllJ At the centre line of the 

Rivets,^'* plates the permissible stress in 

L - 20 " ->j^ //- J the tension flange is 16,000 X 

<- n'fosupporf~~^l3’toCLofspan-~> 32.75/36 = 14,550 lb. per sq. 

Fig. 82.—Heavy-Duty Web Splice. in., and the net area required 

of the plates is 29,600/14,500 
= 2.04 sq. in. Two 5 X f-in. plates, having a net area of 3.00 sq. in., and 
slightly ground at the edges next to the fillets of the angles, will be used. 

On the side of the splice next the centre of the girder these horizontal splice 
plates need extend only far enough to engage the 4 rivets already decided upon. 
No additional rivets are required by reason of the fact that th(‘se rivets serve 
also to deliver increment of flange stress from the web into the flange. 

On the abutment side of a splice that is not at the centre of a span, the 
number of rivets must be increased by reason of the fact that the rivets through 
the horizontal splice plates must serve also for flange riveting purposes. In 
the vicinity of this splice the staggered pitch of the flange rivets should be, for 
the loaded flange, from Eq. (29) of Art. 119 




If the distance from the splice to the extreme splice rivet in the horizontal 
plates, on the side next the support be fixed by trial at 20 in., the number of 
rivets required in this length for flange riveting purposes is 20/7.59 = 2.6, 
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or 3, If to these are added the 4 rivets required for the web splice we have 
7 rivets on the abutment side of the splice. 

Fixing a 3-in. staggered spacing of the rivets, as shown in Fig. 82, the 
horizontal splice plates are kept short. 

130. Design of a Building Plate Girder.—Prepare a complete design with 
engineer's details of a building plate girder of 40-ft. span centre to centre of 
bearings to carry a uniformly distributed superimposed load of 6000 lb. per 
lin. ft. 

The web is to be spliced at the centre and T-flanges with cover plates 
are to be employed. Consider | of the gross area of the web as effective 
flange area, and assume that the top flange is laterally supported at intervals 
not exceeding 12 times its width. The web thickness is not to be less than 
of the clear vertical distance between flange angles. Minimum thickness of 
material ^ in. 

Permissible stresses are to be as follows: Shear on web, = 10,000 lb. per 
sq. in. of gross area, uniformly distributed; diagonal compression, pdc= 
1,024,000 t/s {t = web thickness and s = spacing of stiffeners, centre to centre 
of rivet lines); flexure, tension flange, pi = 16,000 lb. per sq. in. of net area; 
flexure, compression flange, Pc = 19,000 — 300 V/hy but not over 16,000 lb. per 
sq. in. {V = spacing of lateral supports, and h = breadth of flange); compres¬ 
sion on end stiffeners, pc = 19,000 — 100 Z/r, with a maximum of 13,000 lb. 
I)or sq. in., I bedng taken as one-half the depth of the web; bearing on ends of 
stiffeners, p6 = 24,000 lb. per sq. in. 

Rivets, f in.; shear on shop rivets, p« = 12,000 lb. per sq. in.; bearing on 
shop rivets, Vh = 24,000 lb. p(*r sq. in. 

Bearing pressure on concrete supports, ph = 600 lb. per sq. in. 

Section for Shear .—Assuming the weight of the girder as 210 lb. per lin. ft., 
the total uniformly distributed load = 6210 lb. per lin. ft. Hence, maximum 
end shear == 6210 X 40 X i = 124,200 lb. 

The re(]uired web section, Eq. (3), Art. 119, is F/p, = 124,200/10,000 
= 12.42 sq. in., gross. 

Adopting a depth for the girder of one-tenth the span, a 48 X i^-in. web 
plate (gross area = 15.0 scj. in.) would suffice for shear. A ^-in. web is thicker 
than yirr of clear distance between flange angles. Should the stiffener spacing 
required near the ends be ])rohibitively close, the w^eb thickness would need to 
be increased. The diagonal compressive stress in the wQh at, say, 2 ft. from the 
support is represented by the average shearing stress and = 6210 (20 — 2)/15 
= 7450 lb. per sq. in. The stiffener spacing, s, must not be greater than 
1,024,000 Z//aa, where /a, = average existing shearing stress; or 1,024,000 
XO.3125/7450 = 43 in. This is a practicable spacing. 

Should the required flange rivet spacing at the ends of the girder work out 
to be closer than is practicable, it may be best to overcome the diflSculty by 
thickening the web to increase the bearing value of the rivets. 

Section for Moment .—The maximum moment is M = J wl^ = X 6210 
Xf40)2 = 1,242,000 ft.-lb. = 1,242,000 X 12 = 14,904,000 in.-lb. 
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The required tenbion flange section is, from Eq. (10) of Art. 119, A/ + J A„, 

M 

= —~ = 14,904,000/10,000 X 48 =19.45 sq. in., d being assumed as equal to 

Ptd 

the depth of the web plate. 

The tension flange section provided is as follows: 

2 angles, 6 X 4 X S in.; less four |-in. holes = 9.53 sq. in. net 
2 plates, 13 X 8 holes = 8.44 s(|. in. net 

I of web = 8 X 48 X =1.88 scp in. 

19.85 sq. in. net 

The section chosen conforms to the customary requirement that at least 
50% of the flange area, in excess of the web equivalent, should be made up of 
angles. Since the exact rivet stagger that will be adopted in detailing is un¬ 
known, the most severe arrangement possible has been assumed. 

The required compression flange section is based on the buckling tendency of 
this flange. Since the unsupported length of flange is 12 ft. and its width is 
13 in., I'/b = 12 X 12/13 = 11. Hence permissible stress is Pc = 19,000 — 300 
X 11 = 15,700 lb. per sq. in. Required gross area of flange, Eq. (12), Art. 
119, =14,904,000/15,700 X 48 = 19.80 sq. in. As the provided net area of 
the tension flange is greater than this, the top flange may be made the same as 
the bottom flange. 

Length of Cover Plates, —Length of outer cover plate on the tension flange, 
Eq. (2G), Art. 110, = Xi — l{ai/A)^, where I = length of span, centre to centre, 
a I = net area required of outer cover, and A = total required net flange area, 
including web equivalent. For the jireseiit case, 

Xi = 40 (3.82/19.45)5^ = 40 X 0.443 = 17.72 ft. 

Adding about 6 in. at each end to provide for two lines of rivets, the adopted 
length becomes 18 ft. 9 in. 

Length of second cover plate, from the outside, = X 2 = / {(ai + 02 )/^}^ 
= 40 (8.04/19.45)'^ = 40 X 0.642 = 25.68 ft. Adding about 12 in., adopted 
length becomes 26 ft. 9 in. 

These lengths are also on the safe side for the top flange, for which gross 
areas would be used in the computatiem of lengths. As this is a building girder, 
it is not necessary to protect the upper flange by carrying the inner cover the 
full length of the girder. 

End Stiffeners. —Total end reaction = 124,200 lb. Of this it will be assumed 
that, due to the deflection of the girder, 60%, or 0.60 X 124,200 = 74,500 lb. 
must be borne by the inner pair of angles. 

Assuming the permissible bearing stress at 24,000 lb. per sq. in., required 
bearing area of two angles on the flange angles = 74,500/24,000 = 3.10 sep in. 
Since the outstanding legs of the stiffener angles must extend at least to the 
rounded corners of the flange angles, they will be 5 in. wide and the net bearing 
length will be approximately 4f in. 
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Fig. 83. —DetaiU of Building Plate Girder. 







164 


ELEMENTARY STRUCTURAL PROBLEMS 


Required thickness of each stiffener angle = 3.10/(2 X 4.38) = 0.35 in., 
or say | in. With 3-in. legs next the web, the angles will be 5 X 3 X f in., and 
the same size will be used for the outer pair. They will be arranged with fillers, 
as shown in Fig. 83. 

Radius of gyration of two angles separated by a space of 1^ in. about an 
axis in the plane of the web is 

r = {2(7.4 + 2.86 X 2.48")/5.72) ^ = 2.96 in. 

If the effective length of the stiffener column be taken as 48/2 = 24 in., the 
permissible compressive stress is 'Pc = 19,000 — 100 X 24/2.96 = 18,190 lb. 
per sq. in. The stress, according to the specification, must be limited to 13,000 
lb. per sq. in. and hence the required area of the two inner angles is 74,500/13,000 
= 5.73 sq. in. As the area of the angles provided to satisfy end bearing require¬ 
ments is 5.72 sq. in., the size already adopted is adequate. 

The number of rivets required in the inner pair of angles will, if loose fillers 
are used, be increased 1% for each in. of thickness of fillers, or 20%. 

Safe resistance of one |-in. rivet in bearing on -iQ-in. web = 0.75 X 0.3125 
X 24,000 = 5625 lb. 

Number of connecting rivets for the inner pair of angles required through 
tight fillers = 74,500/5625 = 14, or 17, if loose fillers are used, these numbers 
being exclusive of those in the flange angles. 

Since it is impracticable to jflace this number in one pair of angles, tw'o 
13 X f-in. fillers ground to bear against the bottom flange angles will be used, 
serving both pairs of stiffener angles. The riveting arrangement shown in Fig. 
83 provides for the inner i)air of stiffener angles the 10 rivets in the angl(\s plus 
one-half those on the centre line of the fillers, or 15 in all. The vertical pitch is 
made suitable for the intermediate stiffeners and the web si)lice. 

Bearing Plates .—Required area of bearing plates = end reaction divided 
by permissible bearing pressure on concrete = 124,200/600 = 208 scj. in. In 
order to secure close rivet spacing in the flanges at the ends, use a })late 13 X 18 
in. = 234 sq. in. This area is not excessive in view of the concentration of load 
on the inner pair of stiffener angles. 

Net thickness of bearing plate after planing should be at least i = Z(3 w/pj)^ 
= overhang of plate in inches, w ~ actual upw^ard pressure on platt' in i)ounds 
per square inch, and ps = permissible bending stress on plate. Since the over¬ 
hang, Z, is 2.85 in., and w = 530 lb. per sq. in., i = 2.85(3 X 530/16,000)^ 
= 0.90 in. To allow for planing, a plate 1 in. thick will be provided. 

Intermediate Stiffeners .—^Applying the rule that the spacing of stiffener 
should not exceed s = 1,024,000 t/fas, where t = thickness of web, and/a, = aver¬ 
age intensity of shearing stress in pounds per square inch on the web at the 
section considered, the safe spacing at a point 2 ft. from the centre of the girder 
bearing has already been found to be 43 in. For a section 6 ft. from the end 
the spacing is found to be 55 in. However, practical considerations make a 
spacing greater than the depth of web undesirable. A spacing of 4 ft. each 
way from the centre line will therefore be adopted as shown in Fig. 83. 
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The outstanding legs should be about 1/30 depth of girder + 2 in. 48/30 
4- 2 = 3.6, say 3| in. Use two 3^ X 3 X ife-in. angles, crimped. For inter¬ 
mediate stiffeners, the rivet spacing will be the same as for the end stiffeners, 
by reason of economic considerations in fabrication. 

Flange Riveting ,—It will be sufficient to compute the rivet spacing at the 
centre of each panel. For the bottom, or unloaded, flange the pitch, according 
to Eq. (28) of Art. 119, is (n = 1) 

vd 

and for the top, or loaded flange, according to Eq. (29) of Art. 119, it is 

V 

V = 


Pilch at Support. —I^cast value, i’, of a J-in. rivet is bearing on j^-in. web 
= i X ^6 X 24,000 = 5630 lb. 

The effective depth, d, at tliis section = 48.5 — 2 X 1.03 = 46.44 in. 

K for the tension flange = area of two 6 X 4 X |-in. angles, with four 
J-in. holes deducted (net area of the two angles + J of gross area of web). 
This = 9.53/(9.53 + 1.88) = 0.83. Four holes are deducted to allow for 
those through the bearing plate opposite the flange rivets. 

K for the compression flange, being based on gross area, =11,72/(11.72 
-f 1.88) = 0.86. See Eq. (30), Art. 119. 

V = 124,200 lb. 

w = 6000, 12 = 500 lb. jxjr lin. in. 

Hence, pitch for bottom flange = p = 5630 X 46.44/0.83 X 124,200 = 
2.54 in. 

For top flange, p = 5630/{(0.86 X 124,200/46.44)2 + (500)2}-*^ = 2.40 in. 

Although, i)roperly, tlie value of K used for tension flange and that used for 
the com])ression flange should be bascnl on net and gross areas respectively, no 
material error would result from applying the value found for the compression 
flange to both flanges. 

A pitch of 2f in. in each flange is adopted to facilitate the details, as shown 
in Fig. 83. As it is not prohibitively small, the ^-in. web plate does not require 
to be thickened. 

Pitch at 2 ft. from End. —Here, V = 124,200 — 6210 X 2 = 111,800 lb. 

r, d and w arc same as for end. K for bottom flange, computed for two 
holes out of angles, = 0.85. K for top flange = 0.86. 

p, for bottom flange = 2.75 in. 

p, for top flange = 2.65 in. 

Adopt a pitch of 2^ in. for both flanges. 

Pitch ate ft. from End. — V = 124,200 — 6210 X 6 = 86,900 lb. 

p, for bottom flange = 3.54 in. 

p, for top flange = 3.35 in. 
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Adopt a pitch of 31 in. for both flanges in this panel. 

Pitch at 10 ft. from End. — V = 124,200 — 6210 X 10 = 62,100 lb. 

Assume the effective depth at this section as equal to the depth of the web 
plate, or 48 in. 

K for bottom flange = Net area of two angles and one cover plate -r- total 
net area of one flange at section. 

Deducting four J-in. holes from the two angles and two holes from the cover 
plate this = (9.53 + 4.22)/(9.53 + 4.22 + 1.88) = 0.88. 

Ky for the top flange'= 16.60/(16.60 + 1.88) = 0.90. 
p, for bottom flange = 4.95 in. 
p, for top flange = 4.37 in. 

Adopt a pitch of 4 in. for both flanges. 

Pitch at 14 ft. from End. — V = 124,200 — 14 X 6210 — 37,300 lb. 
d = 48 in. 

K for bottom flange = net area of two angles and two covct })lates total 
net area of one flange at section = (9.53 -f 8.44)/(9.53 -f- 8.44 + 1.88) = 0.91. 
K for top flange = 21.47/ (21.47 + 1.88) = 0.92. 
p, for bottom flange = 8.0 in. 
p, for top flange = 6.5 in. 

Since 6 in. is maximum allowable pitch, adopt this for both flanges. 

Pitch at 18 ft. from End. —Adopt 6 in. 

Riveting of Cover Plates. —Pitch of rivets in cov(‘r i)lates, rivets being in pairs, 
opposite to each other is, from Eq. (28), Art. 119 

2 vd 


Pitch will be computed at theoretical (»nds of each cov(t plate, that is at 
points 7 and 10.7 ft. from centre of end bearings, for the inner and outer covers 
respectively. 

Pitch at Theoretical End of Inner Plate. —= single shearing value of J-in. 
rivet = 5300 lb. 

d = effective depth of girder = 48 in. 

K for bottom flange = net area of one cover plate 4- total net area of flange 
at section = 4.22/(9.53 -f- 4.22 + 1.88) = 0.27. 

K for top flange = 4.88/(16.60 + 1.88) = 0.26. 

V = 124,200 - 6210 X 7.0 = 80,700 lb. 

Hence, p for bottom flange plate = (2 X 5300 X 48)/(0.27 X 80,700) 
= 23.4 in. 

Actual pitch in the line of stress must not exceed 6 in. At the ends of cover 
plates it should be comparatively close for a foot at least. In this case it is 
made 4 in. for both flanges (see Fig. 83). 

Pitch at Theoretical End of Outer Plate.—v and d are as before. 

K for bottom flange = net area of two cover plates 4- total net area of flange 
at section = 8.44/(9.53 + 8.44 + 1.88) = 0.43. 

K for top flange = 9.75/(21.47 + 1.88) = 0.42. 
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V = 124,200 - 6210 X 10.7 = 57,700 lb. 

Hence, p for bottom flange = (2 X 5300 X 48)/(0.43 X 57,700) = 20.5 in. 

Actual spacing at ends is made about 4 in., as shown in Fig. 83. 

Pitch at Other Points ,—^Except at the ends of cover plates, the pitch is made 
the maximum permissible, that is 6 in. 

Weh Splice ,—Shear at centre of girder is zero, hence web is spliced only for 
bending. 

Moment of resistance of web, Eq. (8), Art. 119, =| Au,p4 = i X 48 X 
XI 6,000 X 48 = 1,440,000 in.-lb. 

Use two vertical splice plates 12 X in. and two horizontal splice plates 
3 in. wide on the flange angles. 

Assume arrangement of rivets in vertical splice plates shown in Figs. 83 and 
84. Since safe stress on flange rivets, 21.75 in. from the neutral axis is 5630 lb., 
safe stress on a rivet 1 in. from neutral axis is 5630/21.75 = 260 lb. 

Moment of resistance of rivets in vertical splice plates on one side of splice 
= 260 where y = vertical distance to any rivet from the neutral axis. 
This = 260[4{ (2.125)2 + (6.375)2 + (10.625)2 -f (14.875)2 + (18.125)2)] = 260 
X 2832 = 736,000. 

l)iff(*rence in moment of resistance to l)e developed by horizontal splice 
plates = 1,440,000 - 736,000 = 704,000 in.-lb. 

Assume n rivets in the horizontal splice plates on each flange on each side 
of the centre line. Then 


2n X 5630 X 21.75 = 704,000 in.-lb., and n = 2.88 rivets. 




Sph te t _ 


The flange rivets must transfer the horizontal increment of flange stress from 
web to the flanges in addition to developing the moment of resistance for web 
splice. The average theoretical rivet spacing in the top flange at quarter- 
point of the horizontal sjjlicc plates, say 6 in. from the centre line of the girder, 
taking K — 0.92, is found to be 11.2 in. Hence, assuming a total of four rivets 
on each side of the centre line in the horizontal splice plates, spaced as shown 
in Fig. 84, the number required for the pur¬ 
pose of transmitting the increment of flange 
stress from the web out to the flange angles in 
the length from mid-span to the end rivet of 
the splice plates would be 10.75/11.2 = 0.96. 

Thus, 2.88 + 0.96 = 3.84 rivets are required, 
and the four assumed are sufficient. 

The horizontal splice plates must trans¬ 
mit the stress carried by 2.88 rivets = 2.88 
X 5630 = 16,200 lb. Required net area of 
two plates = 16,200/16,000 = 1.02 sq. in., 
or 0.51 sq. in. for one plate, 
in., each. 
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Rivets,i" 

Fiq. 84. —Web Splice. 

Use 3 X ^-in. plates having net area of 0.67 sq. 


Details, —^Engineer’s details are given in Fig. 83. 
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131* Exercise Problems on the Design of Plate Girders.— The following 

exercise problems are based on the principles employed in the solution of the 
problems of this chai)ter. See Appendix I for the answers. 

(1) A plate girder of 50-ft. span centre to centre of l)earings carries a total uni¬ 
formly distributed load of 6000 lb. per lin. ft. The web is 60 X | in., the flange 
angles are 6 X 6 in. and the depth back to back of flange angles is 60| in. The clear 
distance between stiffeners near the end is 40 in. Is the girder safe in shear and in 
diagonal compression? p, = Vdc — 18,000/(1 + 0^/7200 t^) lb. per sq. in. of gross 
area, where c = clear distance between flange angles or between stiffeners, which¬ 
ever is the greater, and t = web thickness. 

(2) A plate girder section consists of a 48 X |-in. web plate and four 6 X 4 X 
|-in. angles with the 6-in. legs turned out. The depth of the girder is 482 in. back 
to back of angles. If J-in. rivets are used and the safe bending stress on steel is 
16,000 lb. per sq. in., find the moment which the girder can safely resist, based on 
the strength of the tension flange. Web equivalent, J. 

(3) A plate girder consists of a web plate 34 X J in., and four flfinge angles 
5 X 3^ X I in. with the long legs turned out. If the depth of the girder back to 
back of angles is 34^ in. find its siife moment of resistance. Rivets, J in. pt = 
16,000 lb. per sq. in. Pr = 16,000 — 150 V/b. Web equivalent, 7. Lateral sup¬ 
ports to top flange, 8 ft. apart. 

(4) A plate girder has a span of 30 ft. centre to centre of l)earing 8 and the web 
plate has been fixed at 36 X A m- Lach flange is to consist of two angles without 
cover plates, the distance back to bjick of fhxnge angles being 36 in. Find the size 
of the angles. Rivets, 4 in. pt = Pc = 16,000 lb. per sep in. Total uniformly dis¬ 
tributed load = 40(X) lb. per lin. ft. Top flange is supported continuously. Web 
equivalent, |. 

(5) A 40-ft. plate girder 40*5 in. deep, back to back of flange angles, is to be 
made up of a 40 X web plate and two flanges, each consisting of a pair of 
equal-leg angles, without cover plates. If the total uniformly distributed load is 
4000 lb. per in. ft., including the weight of the girder, suggest a make-up for the 
flanges. Rivets, -J in. Web equivalent, J. pt — Pr = 16,(XX) lb. per sq. in. 

(6) A plate girder of 40-ft. span consists of a 48 X A-in. web plate and four 
angles 6X3^ X ^ in. The depth back to back of angles is 482 in. and the 6-in. legs 
are turned out. The total uniformly distributed load carried by the girder includ¬ 
ing its own weight is 125,000 lb. Report on the safety of the structure. Web 
equivalent, J. p, = pdc = 8000 lb. per sq. in. of gross area, pt = p^ - 16,000 lb. 
per sq. in. Rivets, J in. 

(7) A plate girder of 36-ft. span centre to centre of bearings consists of a 40 X |- 
in. web plate without intermediate stiffeners and four angles 6 X 4 X | in. The 
depth back to back of angles is 40 in. and the 6-in. legs are turned out. The total 
uniformly distributed load carried by the girder including its own weight is 4200 lb, 
per lin. ft. Express an opinion as to the safety of the structure. Web equivalent, 

Pa = Pdc = 18,000 — 100 c/t, with a maximum of 11,000 lb. per sq. in. (c = clear 
distance between flange angles and i = web thickness.) pt = 17,000 lb. per sq. in. 
Pc = 16,000 lb. per sq. in. Rivets, | in. 

(8) A plate girder of 35-ft. span centre to centre of bearings consists of a 40 X 
t-in. web plate and four angles 6 X 4 X § in. The depth back to back of angles is 
40§ in. and the 6-in. legs are turned out. Find the safe load per lineal foot for the 
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girder, including its own weight. Web equivalent, J. p, « pdc 10,000 lb. per 
sq. in. of gross area, pt - Pc - 16,000 lb. per sq. in. Rivets, J in. 

(9) A plate girder of 36-ft. span centre to centre of bearings carries a total uni¬ 
formly distributed load, including its own weight, of 200,000 lb. Assuming cover 
plates to be used on the flanges, find the least net area that must be made up by 
angles and cover plates for the tension flange, if the girder be 42i in. deep, back to 
back of flange angles. Web equivalent, i. p, = pde = 10,000 lb. per sq. in. of 
gross area, pt = 16,000 lb. per sq. in. Minimum thickness of web = Ain. Rivets, 
fin. 

(10) A plate girder of 30-ft. span continuously supported laterally at the top 
flange carries a total uniformly distributed load, including its own weight, of 8000 lb. 
per lin. ft. If the maximum permissible depth of web is 36 in., suggest sections 
for both the web and the flanges. Web equivalent, Ps = Pdc = 10,000 lb. per 
sq. in. of gross area, pt — Pc — 16,000 lb. per sq. in. Minimum thickness of metal 
allowed = f in. Rivets, | in. 

(11) If the total area of the flange of a plate girder of 50-ft. span is 30 sq. in., 
including the web equivalent, and there are three cover plates each of 5.0 sq. in. area 
forming part of this area, find the theoretical length of the second cover plate, if 
the girder loading is uniformly distributed. 

(12) The load on a j)latc girder of 30-ft. span may be assumed as increasing uni¬ 
formly from each end to mid-span. Each flange has an effective area of 12 sq. in., 
made up of the web equivalent, two angles and one cover plate. If the area of the 
latter is 3.5 sq. in., how long should it be, theoretically and practically? 

(13) The web of a uniformly loaded plate girder of 50-ft. span centre to centre 
is 60 X I in. and each flange consists of two 6 X 6 X |-in. angles and three 13 X 
|-in. cover plates. Find the theoretical length of each cover plate, assuming one- 
eighth of the gross area of the web to act as flange area. Use gross areas. 

(14) Find the theoreti(;al length of a 13 X J-in. outside cover plate on the ten¬ 
sion flange of a uniformly loaded plate girder if there are two holes for |-in. rivets 
through it and the total net area of one flange, including web equivalent, is 25 sq. in. 
Span of girder centre is 50 ft. AlK)ut how long would the plate be made in practice? 

(15) Each flange of a plate girder of 42-ft. span is made up of two 6 X 4 X i-in. 
angles and one 13 X |-in. cover plate and the web consists of a 40 X i-in. web plate. 
If the hve load is a moving electric car, find the theoretical length of the cover 
plate on the tension flange, assuming that at the point of cut-off the rivets in the 
two legs of the flange angles are approximately opposite. Suggest, also, a practical 
length for it. Web equivalent, J. Rivets, |. 

(16) The end reaction of a plate girder is 90,000 lb. and the end section consists 
of a 36 X A -in. web plate and four angles 5 X 3j X | in. Assuming J-in. rivets 
and the safe shearing and bearing stresses on rivets as 10,000 and 20,000 lb. per 
sq. in., respectively, find how many rivets would be necessary to secure two pairs 
of 4 X 3 X A-in. stiffener angles to the web if between the flange angles they be 
connected to the web through loose fillers? Rivet numbers are to be increased 1 % 
for each A-in. thickness of loose fillers. 

(17) At a certain section a plate girder consists of a 48 X |-in. web plate and four 
angles 6 X 3^ X 5 in. The depth back to biick of angles is 48| in., and the 6-in. 
legs are turned out. If the total vertical shear at the section is 80,000 lb., and if 
there is no directly applied load on either flange, find the rivet spacing in each flange. 
Rivets, J in. Web equivalent, J. = 10,000 and - 20,000 lb. per sq. in. 
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(18) A plate girder consists at a certain section of a 40 X web plate and 
four angles 6 X 4 X J in. with the 6 -in legs turned out, and with a distance of 
40| in. back to back of angles. If the shear at the section be 40,000 lb., find the 
theoretical rivet spacing of the rivets in the unloaded flange. Rivets, | in. p, =« 
10,000 and pb = 20,000 lb. per sq. in. Web equivalent, t. 

(19) At a certain section where the vertical shear is 50,000 lb., a plate girder 
consists of a 44 X |-in. web plate, four angles 6X4x1 in., with the 6 -in. legs 
turned out, and two 14 X g-in. cover plates. The depth, back to back of angles, is 
44^ in. Find the theoretical spacing of the rivets in the bottom (unloaded) flange, 
assuming the stagger between the rivets in the two legs of a flange angle is 2 in. 
Rivets, I in. p« = 12,000 and pb = 24,000 lb. per sq. in. Web, equivalent, i. 

(20) At a certain section a plate girder consists of a 56 X l-in. web plate and 
four angles 6 X 4 X A in. The depth back to hack of angles is 56 J in. and the 6 -in. 
legs are turned out. If the total vertical shear at the section is 100,000 lb. and the 
load directly applied to the top flange is 4800 lb. per lin. ft., find the theoretical 
rivet spacing in the top flange, assuming that the web takes no share of the bending 
moment. Rivets, I in. ps = 10,000 and pb — 20,000 lb. per sq. in. 

(21) A plate girder consists of a 48 X -A in. web plate and four angles 6 X S-J X 
^ in. The depth, back to back of angles is 48 in. and the 6 -in. legs are turned out. 
If the total vertical shear at a certain cross section is 50,000 lb. and if a load of 1200 
lb. per lin. ft. is borne directly by the top flange, find tlic rivet sfiacing in the top 
flange. Web equivalent, i. Rivets, I in. p, = 12,000 and pb - 24,000 lb. per 
sq. in. 

(22) A plate girder consists of a 36 X in. web plate and four angles 6 X 3| X 
I in. The depth back to back of angles is 362 in. and the 6 -in. legs are turned out. 
Find the rivet spacing for the top flange at a section where the vertical shear is 
40,000 lb., assuming that there is a directly applied load of 2400 lb. |x*r lin. ft. on 
the top flange. Web equivalent, |. Rivets, 4 in. ps = 10,000 and pb = 20,000 lb. 
per sq. in. 

(23) At a certain section where the vertical shear is 90,000 lb., a plate girder is 
composed of a 42 X J-in. web plate, four angles 6 X 6 X A in. with the 6 -in. legs 
turned out, and four 13 X 2-in. cover plates. The depth of the girder, back to 
back of angles, is 42 J in. If the load applied to the top flange is 3000 lb. per lin. ft., 
find the theoretical staggered rivet spacing of the rivets in the top flange. Web 
equivalent, |. Rivets, J in. pg = 13,500 and pb = 30,000 lb. per sq. in. 

(24) A plate girder of 50-ft. span carries a total uniformly distributed load of 
8000 lb. per lin ft., including its own weight. The section at the end consists of 
a 60 X web plate and four 6 X 6 X angles. If the staggered pitch of 
the rivets in the top flange at the end is 2 in., report on their adequacy, assuming the 
entire load to be directly applied to the top flange. Web ecjuivalent, J. Rivets, 
I in. Pa = 10,000 and pb = 20,000 lb. per sq. in. Depth of girder, back to back of 
angles, ss 60| in. 



CHAPTER VIII 


STEEL TRUSSES AND BENT 

132. Warren Truss on Masonry Walls. —Warren trusses at 15-ft. centres 
are to be used for the support of a reinforced concrete roof of a building 50 ft. 
wide in the clear between brick side walls. The roof covering is to be tar and 
gravel, weighing 6 lb. per sq. ft., applied to a reinforced concrete slab laid on 
the tops of steel purlins which rest on the trusses at panel points only. Gutter 
drainage will be provided by sloping the top surface of the slab f in. to the foot 
towards scuppers through the parapet wall at the middle of all panels. The 
brick walls are 14 in. thick between piers, which are 18 in. thick (Toronto brick 
standards). Design and prepare engineer's details for an intermediate truss. 

The snow load will be 30 lb. per sq. ft. of horizontal projection, but the wind 
force will be assumed as absorbed wholly by the walls. 

Specification ,—^Except as otherwise indicated the Standard Specification of 
the A.I.S.C., 1928, will api)ly. The following provisions are of particular im¬ 
portance in the present design: 

(1) Permissible stresses in pounds per square inch are 

Tension on net section . 18,000 

Comi^ression on gross an^a of struts. 

18,000 
18,000 r-' 

with a maximum of. 15,000 

In this I = unsupported length of column, and r = cor¬ 


responding radius of gyration. For main compression 
members, l/r must not exceed 120, and for bracing and 
other secondary members, 200. 

Flexure, net section, lateral deflection being prevented... 18,000 

Shear on gross section of beam webs, where c, the clear 
height between flanges, does not exceed 60 times the 

web thickness, t . 12,000 

Shear on power-driven rivets. 13,500 

Bearing on power-driven rivets in double shear. 30,000 

Bearing on power-driven rivets in single shear. 24,000 


(2) Sections shall preferably be symmetrical. 

(3) Eccentricity effects shall be minimized by the arrangement of details. 
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(4) Stitch rivets in tension members composed of two angles shall not be 
over 3 ft. 6 in. apart, and in similar compression members not over 2 ft. apart. 
The ratio l/r for each angle of a compression member shall not exceed f of that 
for the whole member. 

(5) Connections carrying calculated stresses except for lacing, sag bars or 
angles, hand rails, or beam connections, shall have not less than 2 rivets; or 
for field connections not less than 3 rivets. 

(6) At a joint the gravity lines of members shall meet at a point if prac¬ 
ticable; if not, provision shall be made for any eccentricity. 

(7) The centre of gravity of a group of rivets transmitting stress into a 
member shall lie on the gravity axis of the member; if not, provision shall be 
made for the resulting eccentricity. 

(8) Material for interior construction shall not be thinner than j in. except 
for linings or fillers and rolled structural shapes. 

General Dimensions and Form of Truss .—^Assuming the distance from the 
face of a side wall to the centre of the truss bearing as 7^ in., the centre to centre 
span of the truss will be 50 + 2 X 0.625 = 51.25 ft. 

The simplest and most efficient form of Warren truss for the situation is 
that shown in Figs. 85 and 86. It is not necessary to use a vertical at the end 
support, as the brick wall will carry the edge of the roof slab. 

For economy, the moan depth of a Warren roof truss should be about of 
the span, or in this case, say 5 ft. 

To give adeciuate slope for drainage to the gutters, the depth at the centre 
will be 5.75 ft. and at the hip C/i, 4.55 ft. This gives a roof slope of 0.70 in. 
per ft., which is adequate. 

As the truss diagonals should preferably not be inclined at a greater slope 
than 45 deg. with the vertical, and as the thickness of the roof slab should be 
kept down in order to save weight, the top chord jmnels will be made 5.125 ft. 
long and the bottom chord panels 10.25 ft. long, as showm in Fig. 85. 

Roof Slab .—Assuming a 2^-in. slab, weighing 150 lb. per cu. ft., the load 
borne by it will be, in pounds per square foot 


Tar and gravel roofing. 6 

Slab, 150 X 2.5/12. 30 

Snow. 30 

Total. 66 


Neglecting restraint at the slab supports, the maximum moment is 

M = J X 66 X (5.125)2 X 12 = 2600 in.-lb. 

On the basis of permissible stresses in the concrete and the steel of Pc = 650 
and pt = 16,000 lb. per sq. in., respectively, and a modular ratio of n = 15, the 
required depth of slab to the centre of steel is 

M /2600\^ 
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Adding 1 in. for protection of reinforcement^ the total required depth would 
be 2.42, or say 2.6 in. 

The area of reinforcement per foot width of slab, if j be assumed as J, and 
the actual value of d, that is 1.5 in., be used, is 


M 2600 

Ptjd ““ 16,000 X 0.875 X 1.5 


0.124 sq. in. 


This may be supplied in the form of mesh material or rods. For tempera¬ 
ture and shrinkage stresses an area of metal about 25% of the above should 
run parallel to the purlins. 

Purlins .—^Assuming 7-in., 15.3-lb. I’s for the purlins, the load per lineal foot 
borne by one purlin is 5.125 X 66 -|- 15.3 = 353.3 lb. 




Fig. 86 .—Stress Sheet for Truss. 


Moment on a purlin is 

Af = I X 353.3 X (15)2 X 12 = 119,300 in.-lb. 

As the roof slab will be let down § in. on the top flanges of the purlins, 
lateral support will be provided. Hence, pt = 18,000 lb. per sq. in., and the 
required section modulus is 48 = 119,300/18,000 = 6.6 in.® 

A 6 -in., 12.5-lb. I with S = 7.3 would be sufficient for flexure. The deflec¬ 
tion, however, applying Eq. (17) of Art. 72, is 

, 5 (353.3 X 15) X (180)® 

lx as — • ■■ '■ ■ s= u.o4 m. 

384 29,000,000 X 21.8 
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As this is in excess of the usual amount permitted, that is 180/360 = 0.5 in., 
it will be necessary to use a 7-in., 15.3-lb. I. For it, A = 0.38 in. 

Truss Panel Load. —The weight of steel in the trusses will be pre-estimated 
by application of the Jones and Laughlin formula 



in which Wg = weight of steel in trusses per square foot of horizontal projection 
served by a truss; P = total capacity of truss in pounds per square foot; 
I = center to centre span of truss in feet, and s = spacing of trusses, centre to 
centre, in feet. This, if P be assumed as 75, gives 



Allowing 1.7 lb. per sq. ft. for lateral bracing, the total load in pounds per 
square foot of horizontal projection supported by a truss is 


Snow load. 30.0 

Tar and gravel roof covering. 6.0 

Slab. 30.0 

Purlins 15.3/5.125. 3.0 

Bracing . 1.7 

Trusses. 6.3 

Total. 77.0 


The truss panel load will, therefore, be 5.125 X 15 X 77 = 5920 lb. 

Stress in Truss Members. —The stresses in the truss members are readily 
found by the stress diagram of Fig. 85. The applied loads are laid off on a load 
line 2~7, and proceeding from the left-hand sui)port the stresses in the members 
of the half-truss are found without complication. As the half panel load next 
the support goes directly into the wall, it does not affect the stresses in the 
truss. Stresses scaled from the lower diagram of Fig. 85 are listed in column 2 
of Table 6. 

Proportioning of Members. —Table 6 contains the essential facts relating to 
the proi)ortioning of the truss members. Permissible stresses are as set forth 
under Specification at the beginning of this article. 

To conform with paragraph (2) of the sj)ecification above, all truss member 
sections will be made of two angles. Adopting f-in. rivets, it follows that the 
minimum practicable angle, having regard also to paragraph (8) of the speci¬ 
fication, is a 2j X X 4 -in. angle. 

In order to obviate the computation of stresses caused by the eccentric 
application of loads to members, as a means of satisfying paragraphs (3) and 
(7) of the sj^ecification, allowances will be made for such effects cither by con¬ 
necting angle members to gussets on gauge lines as close as practicable to the 
gravity lines of the members, or by providing appropriate excess areas in the 
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members, or by both methods. In view of the further fact that bending due 
to eccentricity of application of axial loading is largely prevented in double¬ 
angle, stitch-riveted members connected back to back on opposite sides of a 
single gusset plate, as in Fig. 86 , the allowances for eccentricity mentioned above 
will be adequate. 

The required areas given in column 7 of Table 6 , do not contain, therefore, 


TABLE 6 

Stresses in and Sections of Truss Members 


Mem¬ 

ber 

Maximum 

Streas, 

Pounda 

TjeuKth, 
Centre to 
Centre, /, 
Inches 

Radius 
of Gyra¬ 
tion, r, 
Inches 

1 

r 

Allow¬ 

able 

Stress, 

Pounds 

per 

Square 

Inch 

Area 

Re¬ 

quired, 

Square 

Inches 

Section 

Out¬ 

standing 

Leg, 

inches 

Area 

Pro¬ 

vided, 

Square 

Inches 

1 

2 

3 

4 

5 

G 

7 

8 

9 

10 

V 1 U 2 

- r) 0 ,:J 00 

61 .5 

1 . 20 

49 

15,000 

3.35 G. 

2 L’s, 4X3X ? 

3 

4.96G. 

UiU, 

- 67,200 

61.5 

1.26 

49 1 

15,000 

4.48 G. 

2 I/s.4X3xf 

3 

4.96G. 

L 0 L 2 

-1-30,200 




18,000 

1.68 N. 

2 I /8 3JX3X| 

3 

3.94N. 

JLioLa 

-F 62,100 




18,000 

3.45 N. 

2 L’s, 3iX3X 4 

3 

3.45N. 

L 4 L 6 

-f 66,300 




18,000 

3.69 N. 

2 I/s, 4X3X1 

3 

3.81 N. 

LoUl 

-40,200 

83.0 

1.11 

75 

13,710 

2.93 G. 

2 LB,3jX3Xy 

3 

3.12G. 

U\L 2 

+ 20,700 




18,000 

1.49 N. 

2 L’s, 3X2X J 

2 

1.94N. 

V 2 L 2 

- 5,920 

58.2 

0.70 

83 

13,020 

0.45 G. 

2 L’ 8 , 2 ixl§xi 

li 

1 . 88 G. 

L 2 U 3 \ 

-10,800 

87.0 

0.78 

112 

10,610 

1.58 G. 

2L’s,2§X2xl ! 

2 

2.12G. 

V 3 LA 

+ 7,100 




18,000 

0.40 N. 

2 L’s, 2lxi\x\ 

l| 

1.44N. 


- 5,920 

65.4 

0.70 

93 

12,160 

0.49 G. 

2 L’s, 2 jXlixJ 

li 

1 . 88 G. 

Ulh 

+ 1,200 




18,000 

0.07 N. 

2 L’ 8 , 2 jxi 2 Xi 

li 

1.44N. 


Note. + = tension. — = compression. 


any extra amounts for stresses due to eccentricity, or for secondary stresses 
generally. As eccentricity is to be neglected in the double-angle members 
adopted, the full net area of tension members and the full gross area of com¬ 
pression members is assumed to be effective. 

In computing the radii of gyration of compression members, it is assumed 
that f-in. gusset plates are used at all panel points. 

As there are no reversals of stress, each member is to be designed as a tension 
or a compression member, but not as both. The ** N ’’ opposite an area in Table 
6 denotes net area and applies only to tension members; denotes gross 
area and applies only to compression members. 

In computing net areas of tension members, where both legs are connected, 
the curves of Fig. 1 (b) are employed. A forecast of details is necessary in order 
to make a correct allowance for deductions. Consulting Fig. 86 , it is seen, for 
example, that the rivet stagger at the beginning of the attachment of either 
Z/ 2 L 4 or LiLi to the connection plates at L 4 will be, for a compact joint, about 
1 ^ in. The distance between the gauge lines in one of the angles is, for the 












Fiq. 86 .—Details of iruss. 
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gauges adopted, 1.625 + 1.75 — 0.375 = 3.0 . in. With the stagger ratio 
sIq = 1.5/3.0, X in Fig. 1(6) is 0.75. Hence, from a two-angle member the de¬ 
duction should be 2(1 + 0.75) = 3.5 holes. 

Examination of column 10 of Table 6 shows that substantial excess areas 
are allowed in assigning material. This is done in order to make provision for 
uncomputed secondary stresses. With the comparatively high permissible 
stresses used in this design, such allowances are desirable. The excess amounts 
are greatest for the lighter members, for which special reduced gauges to min¬ 
imize stresses due to eccentricity are impracticable. 

Details .—Truss details are shown in Fig. 86 . In order that the gravity 
lines of members may intersect as nearly as possible at one point at a joint, as 
required by paragraph ( 6 ) of the specification, special reduced gauges are used 
for the more important members, and the special gauge lines are placed on the 
skeleton lines of the truss. Where it is assumed, as in this problem, that the 
full net section of tension members and the full gross section of compression 
members is available in double-angle members connected to single gussets, 
there is no advantage in using lug angles at end connections. 

According to the allowable stresses given in the specifications, the values of 
a J-in. rivet arc as follows: 

Single shear = 0.442 X 13,500 — 5960 lb. 

Bearing on g-in. })late, where joint is in double shear, =0.75 X 0.375 
X 30,000 = 8450 lb. 

Dividing the controlling rivet value into the stress in the member, the 
required numbers of rivets in the ends of members are found. These numbers 
are shown in Fig. 86 , except in certain special instances. 

Paragraph (5) of the specification requires a minimum of 2 shop or 3 field 
rivets. Hence in U 2 L 2 and UJji, 2 rivets are used, although only 5920/8450 
=0.7 rivet is required. 

As the truss will be shipped in two sections, field rivets in the right-hand 
half of the joint at L\ will be used. According to paragraph (5) of the specifi¬ 
cation, 3 field rivets in are required, and for symmetry 3 shop rivets will be 
used in L^I^. This logically involves using 3 shop rivets in the more highly 
stressed members L 2 US and I/ 3 L 4 . 

At joint Li the stresses in members L 2 Z /4 and LiLt are developed partly by 
rivets in bearing on the |-in. gusset and partly by rivets in single shear at the 
plane of contact of the outstanding legs with the lateral plate. For either 
member the value of the connection shown is 

(4 X 8450) + (6 X 5960) = 69,560 lb. 

The stress being only 66,300 lb. in LiL^ and 62,100 lb. in L 2 L 4 , the attach¬ 
ment is adequate. 

At joint (7i, 6 rivets are required for the attachment of U 1 U 2 U 3 to the 
gusset. However, a vertical load of 5920 lb. must also l>e delivered from the 
purlin to the gusset plate by the rivets through the chord member, and conse- 
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quently 7 rivets are used. The same principle is observed at Us and U*. In 
testing the sufficiency of the provided rivets, the resultant of the axial force 
and the vertical purlin reaction should be considered as applied to the rivets. 

The axial force to be provided for at Us and L 2 , where no splices occur, is 
the difference between the stresses in the two chord members meeting at the 
joint. 

The double-angle members are strich-riveted together as required by para¬ 
graph (4) of the specification. In the compression members, the ratio of the 
spacing of stitch rivets to the radius of gyration of one of the angles in a direc¬ 
tion normal to the plane of the truss is considerably less than J of the l/r for the 
whole member. 

Bearings .—At one end of the truss, expansion and contraction are provided 
for by allowing the shoe plate to slide on a bearing plate, slotted holes for the 
anchor bolts being j)rovided through the shoe i)late. 

If the allowable bearing pressure on the brickwork be 150 lb. per sq. in., the 
required area of bearing is A\ X 5920/150 = 178 stp in. Shoe and bearing 
plates will be made 12 X 15 in., giving 180 sq. in. The 15-in. dimension will 
be run parallel to the w’all. 

As the maximum existing upward pressure on the bearing plates is 26,600/180 
= 148 lb. per sq. in., and the projection past the edge of the flange angles is 
^ {15 — (2 X 3 + 0.375)} = 4.31 in., the maximum moment on the shoe and 
bed plates combined, per inch of width, is 2 X 148 X (4.31)^ = 1375 in.-lb. 

Required section modulus = 1375/18,000 = 0.076 in.’* 

As shoe and bed plates resist the flexure jointly, but not as a unit, since 
they are not riveted together, two ^-in. plates arc required. They give = 2 
X -ff X 1 X ( 2 )^ = fl-33 in.’’* A bed plate will, of course, be used at the fixed end. 

Two |-in. anchor bolts will be used at each end. 

A sliding bearing of the roof slab on the w^all is required at the end of the 
truss where provision is made for expansion. The w^all is re(;essed at the sliding 
truss bearing, but may be built solidly around the fixed bearing. 

Although the present probl(*m does not require the design of the lateral 
system, the connection of laterals to the bottom chord of the truss has to be 
allowed for in detailing the truss itself, as has been done in Fig. 8(). 

133. Cantilever Shelter Truss.—A driveway along the side of a building 
is to be covered by a roof cantilevered out from the wall columns, which are 
spaced 18 ft. centre to centre. The cantilever span of the trusses, measured from 
the face of the wall, will be 9 ft., and the No. 20 corrugated steel roofing will 
project 9 in. past the theoretical ends of the trusses. The roofing material 
rests on four lines of 6-in., 8.2-lb. channel purlins, and a line of J-iu. sag rods at 
the centre of each bay is used, as shown in Fig. 88. A 5 X 3 X i^-in. angle is 
riveted to the upper purlin to reinforce it against the pull of the sag rods. No. 
22 corrugated steel will be used to curtain the trusses at each end of the shelter. 

Design one of the trusses to the loading and for the specifications which follow. 

Loading .—The snow load will be 15 lb. per sq. ft. of horizontal projection 
to be considered as acting simultaneously with a downward normal component 
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(estimated by Duchemin's formula) of a wind force of 20 lb. per sq. ft. on a 
vertical surface. The structure must also withstand, without snow load, an 
upward normal wind force of the same magnitude as the downward one already 


mentioned. 

Specification .—The following brief specification will govern: 

(1) Permissible stresses in pounds per square inch 

Tension on net section. 16,000 

Tension on bolts at root of thread. 15,000 

Compression on gross area of struts, 

(a) Where l/r docs not exceed 120. 19,000 — 100 l/r 

with a maximum of. 13,000 

(t) Where l/r lies between 120 and 200. 13,000 — 50 l/r 

In those formulae I — unsupported length 
of strut, and r = corresponding radius 
of gyration. 

Shear on power-driven rivets. 12,000 

Shear on unfinished holts. 10,000 

Bearing on power-driven rivets . 24,000 


(2) The minimum thickness of material will be A in. 

(3) Neglect secondary stresses, whether due to the usual eccentricity of 
connection of angle membtTs, or to joint rigidity. 

(4) Calculate net section of a tension member containing more than one 
line of rivets by the rule of Eq. (1), Art. 5, considering 

X = 1.30 — s/g 

Gcyieral Dimensions and Form of Truss .—Consider the horizontal distance 
from the wall to the intersection of the two chords as 9 ft. Adopting a roof 
slope of 1 in 2, or 26° 34', which is the best where corrugated steel roofing is used, 
the depth of the truss at the wall line will be 4 ft. 6 in. 

The form of truss adopted will be that shown in Figs. 87 and 88. 

Having regard to the necessary position of the upper purlin, the first two 
horizontal i)anels of the truss will be made 2 ft. 11 in. each, and the third 3 ft, 
2 in., measured to the outer face of the wall. 

Truss Panel Loads .—Allowing for lap, the No. 20 corrugated steel weighs 
2.23 lb. per sq. ft. of sloping area. The weight of trusses in pounds per square 
foot of horizontal projection vdW be assumed, in the absence of weight formulae 
for cantilever trusses, as 2.0 Ib. per sq. ft. Hence the dead load borne by the 
trusses in pounds per square foot of horizontal projection is as follows: 


Corrugated steel, No. 20, 

= 2.23 sec 26° 34' = 2.5 

Purlins == 8.2/2.92 

- 2.8 

Sag rods, say 

= 0.2 

Bracing, say 

= 0.6 

Trusses, say 

= 2.0 


8.1 
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The panel dead load is, therefore, 2.92 X 18 X 8.1 = 430 lb. 

Since the snow load is 15 lb. i)er sq. ft. of horizontal projection, the panel 
snow load is 2.92 X 18 X 15 = 790 lb. 

The normal wind force on the roof, from Duchemin’s formula, p = 20, being 
the wind intensity on a vertical square foot, and the roof slope a being 26° 34', is 


Vn 


2 sm a 2 X 0.4472 

V --= 20 X- 

^ 1 + sin2 a 1 + (0.4472)2 


14.9 lb. per sq. ft. 


Hence the normal panel load due to wind, whether it act downward or up¬ 
ward = 2.92 X 18 X 14.9 = 880 lb. 

In accordance with the usual custom, half panel loads will be assumed to 
act at the eave purlin and at the purlin next to the wall. 

Stresses in Truss Members .—The stresses in truss members due to the dead 
load are detennined graphically in Fig. 87(a). After laying off the load line, 
the stresses in the members are determiiK^d successively without complication, 


TABLE 7 

Maximum Stresses in Pounds in Members of Truss 


Member 

Dead 

Load, 

Pounds 

Snow 

lioad, 

Pounds 

Wind 

Load 

Down, 

Pounds 

Wind 
Load l^p, 
Pounds 

Maximum Stress 

Tension 

Compression 

Cols. 

Stress 

Cols 

Stress 

1 

2 1 

3 

4 

5 

0 

7 

8 j 

9 


+ 4S0 

+ 880 

+ 880 

- 880 

2 + 3 + 4 

2240 

2 + 5 

400 

V 1 U 2 

! + 9G0 

+ 1700 

-f 1550 

—1550 

2 + 3 + 4 

4270 

2 + 5 

590 

UiUi 

+ 1480 

+ 2710 

+ 2290 

-2290 

2 + 3 + 4 

04 SO 

2 + 5 

810 

LqLi 

- 4;}0 

- 790 

- 980 

+ 9S0 

! 2 + 5 

550 

2 + 3 + 4 

2200 

L 1 L 2 

- 430 

~ 790 

- 980 

+ 980 

2 + 5 

550 

2 + 3+4 

2200 

L^L% 

- 8G0 

-1080 

-1980 

+ 1980 

2 + 5 

1120 

2 + 3+4 

4420 

ViU 

0 

0 

0 

0 


0 

0 

0 

V 1 L 2 

- 480 

- 880 

-1120 

+ 1120 

2 + 5 

640 

2 + 3+4 

2480 

UiL2 

+ 220 

+ 400 

+ 490 

- 490 

2 + 3+4 

1110 

2 + 5 

270 

UtLi 

- 010 

-1120 

-1410 

+ 1410 

2 + 5 

800 

2 + 3+4 

3140 


Note. + = tension. — = compression. 


beginning at the free end of the cantilever. The ascertained stresses are listed 
in column 2 of Table 7. 

The stresses due to snow load may be determined by multiplying the stresses 
due to dead load by the ratio of the respective panel loads, 790/430 = 1.839. 
The results are listed in column 3 of Table 7. 

Wind load stresses due to the wind acting downward are determined graph- 
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ically in Fig. 87(6). The results are listed in column 4 of Table 7, and the cor¬ 
responding stresses for wind acting upward are listed in column 5. ? 

Maximum stresses, tensile and compressive, are entered in columns 7 and 9 
of Table ?. 

Proportioning of Members ,—Table 8 contains the essential data respecting 
the proportioning of truss members. Maximum stresses are transferred from 
Table 7. For a very light secondary structure such as this, i^-in. material is 
allowable, if kept well painted. Because of the very small stresses, |-in. rivets 
will be employed. 

The effective area of a single tension angle connected by one leg is found by 
multiplying the net section by the efficiency factor, of Art. 9 

c = 1.0 — 0.18 u/c 

The same factor will be applied to the gross area of a single compression angle 
attached by one log only. 

In the case of double-angle tension members connected back to back on oppo¬ 
site sides of a single gusset plate, the support at connections is assumed to be 



Fiq. 87.—Stress Sheet for Cantilever Shelter Truss. 

such that the full net section may be considered as effective. The full gross 
section of double-angle compression members connected in a similar manner is 
assumed to be effective. 

With the conservative working stresses adopted, it is permissible to neglect 
all secondary stresses, even though standard gauges of angles be employed. 
Double-angle sections for the chords are desirable, but single angles will be 
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permissible for the web members. The minimum section of angle to accommo¬ 
date |-in. rivets and meet the thickness regulation is a l| X I 4 X angle. 

The material assigned is indicated in column 11 of Table 8 . Two holes only 
are deducted from U 2 U 3 . For L 2 L 3 it is assumed that the rivet stagger at L 3 
is 1 in. Applying the deduction rule of paragraph (4) of the specification, s 
being 1 in., and g being 2 X 1 — 0.1875 = 1.8125 in., the number of holes to 
be deducted is 3.5. One hole only is taken from the single angle members in 
considering their sufficiency for tension but this not area is multiplied by the 
factor c = 1.0 — 0.18 u/c. The same factor is applied to the gross area of the 
same members when computing their sufficiency for comi)rcssion. 


TABLE 8 

Sections op Truss Members 








Allowable 

Area 


Area 


Maximum 

Length, 



Stress, 

Required, 


Provided, 


Stress 

Radius 


Pounds per 

Square 


S(juare 

Mem- 



to 

1 

Square Inch 

Inches 


Inches 



of Gyra¬ 
tion, r. 






Section 



ber 

Centre, 

Ten- 

Com- 

r 

Ten- 

Com- 

Ten- 

Com- 


Gross 

Net 


1 , 

Inches 

Inches 


sion 

pres- 



sion 

pres- 

sion 

pres- 


EfFec- 

Efifec- 


sion 




sion 


sion 


live 

tive 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

L^Ui 

2240 

400 

39 

0.54 

72 





2i,x i^xijx A 



U1U2 

UiUi 

4270 

590 

39 

0.54 

72 





2 L’s, 1 i X1 i X A 



0480 

810 

42 

0.54 

7b 

10,000 

11,200 

0.41 

0.07 

2]/8,iJxiJxA 

1.24 

1.01 

LqLi 

550 

2200 

108* 

0.81 

133 





2 l/s, 1 JXI 4 X-A 



L1L2 

L^Lz 

550 

1120 

2200 

4420 

lOS* 

108* 

0.81 

0.81 

133 





21/8, GxiJx A 
2 1 /h. ijxijx a 



133 

1(),0(M) 

0,350 

0.07 

0.70 

1.24 

0.83 

UiL, 

U1L2 

0 

0 

18 







1 L, 1 J X 1J X A 

0.51 


040 

2480 

39 

0.35 

111 

10,000 

7,900 

0.04 

0.31 

1 L, G X 1 4 X A 

0.51 

0 41 

U2L2 

1110 

270 

35 

0.35 

100 

10,000 

9,000 

0.07 

0.03 

1 L, 1 J X 1 J X A 

0.51 

0.41 

L'zLz 

800 

3140 

52 

0.35 

149 

10,000 

5,55t 

0.05 

0.57 

X 

X 

0.58 

0.41 


* No support normal to plane of truss between Lq and L 3 ; hence I = 108. 


Details ,—Truss details are shown in Fig. 88 . According to the allowable 
stresses in the specification the single shearing value of a vj-iii. rivet is 2360 lb., 
and its bearing value on a i^-in. gusset plate is 2250 lb. The numbers of rivets 
required in the ends of the various members can be determined by mentally 
dividing the governing rivet value into the maximum stress in column 2 or 3 of 
Table 8 . Not less than two rivets will be allowed in a connection. Gusset 
plates 3 ^ in. thick are adequate. 

Since the gusset plate may not bear truly on the column flange at L 3 , enough 
rivets through the gusset and the connection angles will be required to transfer 
the resultant of the maximum downward shear and the thrust to the right. 
Under dead load, snow load and downward load, this is {(2140)2 + (6755)2}^ 
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=* 7130 lb. The number of rivets required in bearing on the i^-in. gusset is 
7130/2250 = 4. 

Because of the greater certainty of bolts in tension, as compared with rivets, 
the former will be used for attaching the trusses to the column flanges. 

Resolving the maximum stress in U 2 U 8 , that is 6480-lb. tension, into vertical 
and horizontal components, it is found that the bolts at Us will be subject to a 
downward shear of 2900 lb. and a tension of 5800 lb. Two §-in. bolts would 
be adequate in shear, since 2 X 0.196 X 10,000 = 3920 lb. The net area of a 



§-in. bolt at the root of the thread is 0.126 sq. in., and the tensile value of one 
bolt is 0.126 X 15,000 = 1890 lb. The number of bolts necessary for the ten¬ 
sion is 5800/1890 = 4. To provide for the combination of shear and tensile 
stress on the bolt shafts (see Art. 62), 6 bolts will be employed. 

At L 3 there will be under dead load and upward wind load an upward shear 
of 520 lb. at the face of the column flange and a tension of 1705 lb. By reason 
of the considerable length of the connection angles required to connect the gusset 
to the column, 4 bolts will be used, as shown in Fig. 88 . 

The conditions of the problem do not require the design of the lateral bracing. 
However, as the bracing connections to the bottom chord affect the details of the 
truss, the bracing has been indicated in Fig. 88 . 

134. Stresses in Bent Due to Wind Acting as Pressure and Suction.— 
The bents of a steel mill building are spaced 16 ft. centres, the columns are 29 ft. 
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high and the trusses have a span of 43 ft., centre to centre of columns. The 
trusses, which carry a monitor frame, are of the type and proportions in¬ 
dicated in Fig. 89. 



Assuming that the columns are only partially fixed at the base, determine 
by a combination of analytical and graphical means the wind stresses in the 
bent due to the following wind force: 
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A nonnal pressure of 7.5 lb. per sq. ft. ou the windward wall, plus a normal 
suction of 7.5 lb. per sq. ft. on the leeward wall, plus a normal pressure of 12.5 lb. 
per sq. ft. on the windward wall of the monitor, plus a normal suction of 12.5 lb. 
per sq. ft. on the leeward wall of the monitor, plus a normal pressure on the 
windward slope of the roof and of the monitor and a normal suction on the 
leeward slope of the roof and of the monitor each equal to 12.5 lb. per 
sq. ft. 

Assuming the plane of contra-flexure to be located above the actual column 
bases a distance of one-third the height to the knee brace connection, or 25/3 
~ 8.33 ft.—^a reasonable assumption where columns are only partially fixed at 
the base—the side walls are virtually only 16.67 + 4.0 = 20.67 ft. high, so far 
as wind stresses in the bent are concerned. 

Considering the wind force on the side columns as applied only at the plane 
of contra-flexure, at the knee brace connection and at the column top, as indi¬ 
cated in Fig. 89, the concentrations at these points, for both windward and lee¬ 
ward colunns, are as follows: 

Plane of contra-flexure == 7.5 X 16 X 16.67/2 = 1000 lb. 

Knee brace connection = 7.5 X 16 X (16.67 + 4.0)/2 = 1240 lb. 

Top of column = 7.5 X 16 X 4/2 = 240 lb. 

At the top and bottom of the monitor posts, the wind concentrations are 
12.5 X 16 X 5/2 = 500 lb. 

The normal pressure on the windward slope being 12.5 lb. per sq. ft., the 
intermediate panel loads are 12.5 X 16 X 4.01 = 800 lb. Half panel loads occur 
at the monitor ridge and at the base of the monitor post, and will also be assumed 
at the main eaves and at the monitor eaves. 

The suction concentrations on the leeward slopes are similar to the pressure 
loads on the windward slopes. 

In this problem a combination of analytical and graphical methods is prefer¬ 
able for obtaining the wind reactions at A and 

The resultant of all horizontal forces, STF*, on the bent is 6960 lb. and it 
acts at 16.61 ft. above the plane of contra-flexure, AB, 

The resultant of all pressure forces normal to the roof and monitor slopes is 

STTnp = (4 X 800) + (4 X 400) = 4800 lb. 

This acts on a line 12.38 ft. up from the windward toe of the truss. 

The resultant of all suction forces normal to the slopes, SlTn*, is likewise 
4800 lb., acting on a line 12.38 ft. up from the leeward toe. 

^Wnp and STFn« intersect on the centre line of the building and produce a 
horizontal resultant, Rny which is obviously 2 X 4800 sin 26° 34' = 4290 lb. 
This force acts at a point located vertically down from the ridge of the 
main truss a distance of (24.04 — 12.38) cosec 26° 34' = 26.10 ft., or (20.67 
+ 10.75) —26.10 =* 5.32 ft. above the plane of contra-flexure, as shown in Fig. 
89(a). 

The total wind force on the bent thus resolves itself into a horizontal force 
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R = 'ZWn + Rn - 6960 + 4290 = 11,250 lb., acting at the centre of gravity 
of 'LWb and Rny or 12.31 ft. above AB, 

Where the wind force is applied in equal parts as a pressure and a suction it 
is reasonable to assume the horizontal components of the wind reactions at 
A and B as equal, that is each amounting to 11,250/2 = 5625 lb. 

The vertical components, Vl and Vr are found, by taking moments about 
either support, to be 11,250 X 12.31/43.0 = 3220 lb. The former acts down¬ 
ward and the latter upward. 

To make possible the use of a purely graphical method of stress determination 
for the bent, the dotted auxiliary members 3-29, 4-30, 29-30, 27-55, 26-54, and 
54-55 are introduced. The inclusion of these in no wise alters the stresses in 
the truss members and knee braces. 

In the stress diagram, Fig. 89(5), the load line 2-3-4 ... 28 is first laid off 
and the two reactions 1-2 and 1-28 drawn in making equal angles with the 
vertical. These may be checked by utilizing the fact that the horizontal and 
vertical components of each are resi)ectivcly 5625 and 3220 lb. 

Beginning at A the determination of stresses in the members of the bent, 
real and auxiliary, is easily made in regular sequence until the joints 8-9-38-36- 
35-34 and 1-35-36-37 arc reached, where three unknowns ai)pear. 

To remove the mdeterminacy, proceed to the monitor ridge. Here there are 
apparently also three unknowns, but the stress in the vertical 42-43 under a 
resultant horizontal load at the ridge is zero, as may be shown to be correct by 
the theory applicable to structures with redundant members. The diagram 
14-15-16-43, 42, shown enlarged in h’ig. 89(c), may then be drawn. The joint 
12-13-14-42-41 follows readily, but at joint 10-11-12-41-4()-39 the stresses 
in 10-39 and 40-41 cannot as yet be determined. Their difference, however, 
represented by the dotted line 40'-41, can be found, as also the actual stress in 
39-40, represented by the dotted line 10, 39'-40' in the enlarged diagram. In 
the latter diagram there is also found 38'-10, 39', the actual stress in 38-39, 
and 9-38', the difference between the stresses in 9-38 and 10-39. Proceeding to 
the joint 36-38-39-40-37, this diagram gives 36'-38', the actual stress in 36-38 
and 36'-40', the difference between the stresses in 36-77 and 37-40. 

Coming back to 8-9-38-36-35-34, final solution is made by drawing in the 
main diagram. Fig. 89(5), an intercept 36-38 parallel to the truss member 36-38, 
and having a length equal to that of the dotted line 36'-38' in the same diagram, 
between the line 35-36 and 9-38. The remainder of the diagram follows readily. 

In the columns the true axial stresses will not be the apparmt stresses for 
these members taken from the stress sheet, but the algebraic sum of the vertical 
components of stress in the column and in the inclined auxiliary member at the 
horizontal section under consideration. For an example of the determination 
of the true axial stresses in columns of this kind, see Art. 139. 

136. Deflection of a Truss by the Anal 3 dical Method. —By means of the 
analytical method find the vertical displacement of the panel point e and the 
horizontal displacement of the panel point F of the truss of Fig. 90(a) due to a 
vertical downward load of 24,000 lb. at panel point e. = 29,000,000 lb. per 
sq. in. Consider the right end of the truss as free to slide horizontally. 
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The displacement of any joint of a frame in any selected directioii is 

Pul ful 

^ - 2— = S — 

A.E E 


( 1 ) 


in which P = total stress in any member; 

A — gross area of member; 

/ = stress in member per unit of area; 

I = length of member; 

E = modulus of elasticity of member; 

u = stress in the member due to a 1-lb. load applied at the joint the 
displacement of which is sought and in the direction in which 
it is desired. 
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but a set of values of u must be computed for each new panel point investigated. 
For calculating the displacement of the point e the 1-lb. load is assumed as acting 
vertically downward, and for the point F it is assumed as acting horizontally to 
the left. 


TABLE 9 

Deflection op Panel Points e and F op Truss of Fig. 90(a) by Analytical 

Method 


Member 

Length, 

1 

In. 

Area 

A, 

Sq. In. 

Stress, 

P, 

Kips 

Stress, 

/, Kips 
per In.2 

a 

Ue 

UF 

M 

fuFl 

BD 

168 

4 

-14.00 

-3.50 

— 588 

-0.584 

-0.333 

4-344 

+ 196 

DF 

168 

4 

-28.00 

-7.00 

-1176 

-1.167 

-0.606 

4-1373 

+ 784 

ae 

168 

2 

4 7.00 

4-3.50 

4-5SS 

4-0.292 

-0.830 

+ 172 

-488 

ce 

168 

4 

4 21.00 

4 5.25 

4 882 

4-0.875 

-0.498 

+ 772 

-439 

eg 

168 

2 

4-14.00 

4-7.00 

4-1176 

4-0.583 

-0.166 

+ 687 

-196 

aB 

127.6 

3 

- 10.65 

— 3.55 

— 451 

-0.444 

-0.253 

+ 202 

+ 115 

Be 

127.6 

3 

410.65 

4-3.55 

4-454 

4 0.444 

4-0.253 

+ 202 

+ 115 

cD 

127.0 

2 

-10.65 

-5.33 

- 680 

-0.414 

-0.253 

4 302 

+ 172 

De 

127.6 

2 

4-10.65 

4-5.33 

4-680 

4-0.444 

4-0 253 

+ 302 

+ 172 

eF 

127.0 

3 

4-21.30 

4-7.10 

4-906 

4-0.888 

-0.253 

+ 805 

-229 

Fo 

127.6 

3 

-21.30 

-7.10 

-906 

-0.888 

4-0.253 

+ 805 1 

-229 







r/u 

1 « 

+ 5956 

-27 


Ac = ^fuel/E = 4 59.-SG X 1000/29,000,000 *= 4-0.306 in. 
Af = 'EfuFl/E = - 27 X 1000, 29,000,000 = -0.001 in. 


The plus sign for the computed displacement of e indicates that it is in the 
same sense as that of the assumed l-lb. load, that is downward. The minus sign 
for the displacement of F shows that the actual movement of 0.001 in. is to the 
right, that is ojiposite in sense to that of the apjilied l-lb. load. 

136. Deflection of a Truss by the Williot-Mohr Diagram.—Determine 
the vertical displacement of the point e and the horizontal displacement of F 
of the truss shown in Fig. 90 employing the Williot-Mohr diagram, assuming 
that (a) the right end slides and (6) the left end slides. E — .29,000,000 lb. 
per sq. in. 

Member length changes to be connected according to the arrangement re¬ 
quired by the Williot diagram may be derived from Table 9, Art. 135, by divid¬ 
ing the values of Jl in the sixth column by E. The resulting quantities are indi¬ 
cated in Table (c) of Fig. 90. Because of the introduction of the hypothetical 
member Z)d, it is convenient to consider the bottom chord ce as two members, 
cd and de. ^ 

With a view to making the scale of the deformations as large as possible, the 
reference member will be taken as the li 3 q)othetical centre vertical Dd and 
the reference point as d. Taking the reference member near one end of the 
truss would necessitate a much smaller scale in order to keep the diagram within 
reasonable bounds. 

Williot Diagram .—The first stage of the solution is effected by constructing 
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an ordinary Williot diagram, Fig. 90(d), considering the ends of the truss to 
curl up, the point d (and also D) to remain fixed in space and the direction Dd 
to be fixed. 

Consider the movement of c with respect to the reference point and reference 
member. Owing to the lengthening of cd it moves horizontally and to the left, 
according to the Table (c) in Fig. 90, a distance of 0.0152 in. The horizontal line 
d'l indicates the amount of this movement. Owing to the shortening of cD the 
point c moves 0.0235 in. upward and to the right. The line d'2 drawn parallel 
to cD indicates this. Normals Ic' and 2c' drawn to these lines at their ends 
1 and 2, in reality representing very short arcs of circles with the ends d and D 
of the members as centres, give an intersection c' which represents the resultant 
movement of c with respect to the reference point. 

The point B moves horizontally 0.0203 in. to the right with respect to the 
fixed point D, or over the scaled length D'3. It moves 0.0157 in. upward and 
to the left with respect to Ci or over a distance c'4 drawn parallel to cB, The 
intersection B* of the normals 3R' and 4J5' indicates the movement of B relative 
to d. 

The point a moves a scaled distance c'5 horizontally to the left relative to c 
and a distance J5'6 upw^ards and to the right with respect to R. The intersection 
a' of the nonnals 5a' and 6a' gives the travel of a relative to the fixed point d. 

Proceeding to the other side of the centre line of the truss e', the intersec¬ 
tion of the normal 7e' and 8c' (too short to be detected in the diagram) gives the 
relative position of c. The point F moves to the left Z>'9 with respect to D and 
upward to the right c'lO w ith respect to c, taking up a relative position F'. The 
end joint g moves horizontally c'll to the right relative to e and F'l2 upwards 
and to the left with respect to F, reaching the relative position g\ 

Mohr Correction Diagram ,—From the Williot diagram it is evident that, if 
the hypothetical member Dd is held fixed, the end g moves up more than the end 
a by a distance r equal to the difference of height of the points g' and a'. Since 
actually, for a level truss, the two ends remain at the same elevation, the truss 
must be rotated so that this difference is removed. 

In order that the horizontal movement of joints may be proj>erly indicated 
the corrective rotation for Case (a) should be clockwise about a, the fixed end, 
and for Case (5) clockwise about g, the fixed end for that case. The effect of 
such rotation is found by the simple device of the Mohr correction diagram. 

For Case (a) the Mohr diagram consists of a diagram of the actual truss 
drawn to scale with its bottom chord vertical and occupying the length a!gi 
and the top chord to the left of the bottom chord, as shown in Fig. 90(d). The 
necessary correcting movement of any panel point is then the distance of that 
designated point in the Mohr diagram to ai (or a'). 

The truth of this is evident from the left half of Fig. 90(c). Rotation causes 
F to move FF" downward and to the right. But, from similar triangles. 


FF" = — • r 
ga 


PiUi 

9i0.i 


• r = Fitti 


Hence the correcting movement of F is Fiai downward and to the right. 
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For Case (6) the Mohr diagram is drawn in Fig. 90(d) with its bottom chord 
as and the top chord again to the left of the bottom chord, the correcting 
rotation being clockwise about g. For the same reasons as those applicable to 
Case (a), the corrective movement of B is BB" - B^ 2 - 

Had the point g' come lower than a' in the Williot diagram, a corrective 
counter-clockwise rotation would have been necessary and the Mohr correction 
diagrams in Fig. 90(d) would have had the top chord to the right of the bottom 
chord in each case. 

The true vertical displacement of e, when cither the right end or the left end 
slides, is the vertical distance between ei and e' or between 62 and e' in Fig. 90(d). 
This is Ag = 0.206 in. The true horizontal movement of F for Case (a) is the 
horizontal distance between Fi and F' = = 0.001 in. to the right. For 

Case (6) it is the horizontal distance between F 2 and F' = A^ = 0.09 in. to the 
left. 



CHAPTER IX 


CRANES AND CRANE SUPPORTS 

137. Design of a Stationaiy Jib Crane. —Design a stationary jib crane of 
the type shown in Fig. 91 for a moving 2-ton load with a mast height of 16 ft. 
shoulder to shoulder, and with a boom of such length that the centre of the 
trolley in its extreme outer position is 10 ft. from the centre of the mast. The 
centre of the boom is to be 12 ft. above the base of the column. 

Impact will be taken as 25% of the live load stresses. 

Permissible stresses are to be as follows: Tension on net section of tie rods, 
Pt ~ 18,000 lb. per sq.in.; combined compression and flexure on mast or boom, 
Vc = Pf — 18,000/(1 + ZV18,000 r^) lb. per sq. in., with a maximum of 15,000, 
where I = unsupported length and r = corresponding radius of gyration. 

Rivets and bolts will be of J-in. diameter. 

Stresses due to the weight of the members 
and those due to the moment arising from buck¬ 
ling or deflection of members will be neglected. 

General Arrangement .—Having regard to the 
relation of the moments and thrusts, it will be 
assumed that the overhead tie will connect to 
the boom at 8 ft. from the centre of the mast. 

To i)ermit the trolley centre to move 2 ft. farther 
out, and to accommodate an end stop, the 
boom will extend 3 ft. past the tie rod con¬ 
nection. 

Overhead Tie .—The maximum live load re- 
action at the connection of the tie to the Iwom gi.-stationary Jib Crane, 
will occur when the centre of the trolley is in 

its extreme outer position, that is 2 ft. from the tie connection. Taking the 
inner support of the boom as at 7f in., or 0.65 ft., from the centre of the mast, 
and adding 25% to the live load of 4000 lb. for impact effect, the maximum 
vertical effect on the tie rod is, neglecting dead load, 50(X) X 9.35/7.35 
= 6360 lb. 

Since the slope of the tie. Fig. 91, is 4| in 12, the stress in the tie is 
6360 X {(4.5)!' + (12.0)*) ^/4.5 = 18,100 lb. 

Required net area of the tie == 18,100/18,000 = 1.01 sq. in. Use two 1-in. 
diameter rods, not upset, for which the area = 2 X 0.55 =1.10 sq. in. at root of 
thread. 

Boom. —^Three positions of the live load should be considered for the boom; 
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that is, when it is (1) at the centre of the 7.35-ft. segment, (2) at the overhead tie 
connection, and (3) at the extreme outer end of the boom next the stop. 

Room, Case 1. —For a 5000-lb. load (including impact but neglecting the 
weight of the boom) applied at the centre of the 7.35-ft. segment, the horizontal 
thrust Pi applied by the tie approximately 7 in. above the centre of gravity of 
the boom, assuming the latter to be a 10-in. I-beam, is 2500 X 12/4.5 = 6670 lb. 

Moment due to eccentricity of application of this thrust = 6670 X 7 = 
46,690 in.-lb. 

Moment, including impact effect, due to load at centre of 7.35-ft. segment, 
assuming no restraint at the ends = 1F//4 = 5000 X 7.35 X 12/4 = 110,250 
in.-lb. 

Total moment, Mi, at centre of 7.35-ft. segment = 46,690 + 110,250 
= 156,940 in.-lb. 

Total maximum stress in the boom on the upper fibre of the 7.35-ft. segment 
at its centre is the stn\ss, /c, due to axial thrust considered as centrically applied 
+ stress //, due to flexure arising from the trolley load and due to the bending 
from eccentricity. That is, from Eq. (3), Art. 36 

U = /c + // = Pi/A 4- Miye/I, 

where A = area of section. Mi = total apparent moment from the two causes; 
ye = distance from the centre of gravity of the section to the extreme fibre; 
and I = moment of inertia of section in the plane of bending. Hence, if a 10-in., 
25.4-lb. I be assumed 

U = 6670/7.38 + 156,940 X 5/122.1 
= 900 + 0420 = 7320 lb. per sq. in. 

Regarding the boom as a strut subjected to both axial and transverse loading, 
with I = 7.35 X 12 = 88 in. and with r, the radius of gyration, about an axis 
lying in the plane of the web = 0.97, the p(‘rniissible stress pc = 18,000/(1 
-|-88Vl8j000 X 0.97‘0 = 12,350 lb. per sq. in. The section assumed is con¬ 
siderably in excess, but a shallower beam would not give sufficient vertical 
clearance for the trolley to travel on the bottom flange. 

Boonij Case 2, —With the 5()00-lb. load (including impact) placed at the tic 
connection, the eccentric horizontal thrust, P^ = 5000 X 12/4.5 = 13,330 lb. 

Moment due to eccentricity of Pi = 13,330 X 7.0 = 93,310 in.-lb. 

Total maximum stress on upper fibre of 7.35-ft. segment is, Eq. (3), Art. 36 

U = 13,330/7.38 + 93,310 X 5/122.1 
= 1810 4- 3820 = 5630 lb. per sq. in. 

The assumed section is adequate. 

Boom, Case 3 .—With the 5000-lb. load 2 ft. from the tie connection, the 
eccentric horizontal thrust. Pa = 6360 X 12/4.5 = 16,960 lb. 

Moment due to eccentricity of Pa = 16,960 X 7.0 = 118,720 in.-lb. 

Negative moment at centre of 7.35-ft. segment i)roduced by downward reac¬ 
tion of 5000 X 2/7.35 = 1360 lb. at the mast = 1360 X 44 = 59,800 in-lb. 
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Net positive moment at centre of 7.35-ft. segment = 118,720 — 59,800 
==68,920 in.-lb. 

Total maximum stress on upper fibre of 7.35-ft. segment is 

= 16,960/7.38 + 58,920 X 5/122.1 

= 2300 + 2410 = 4710 lb. per sq. in. 

The section is adequate for this stress. 

The condition should be investigated also for the point immediately outside 
the tie connection. Here, the negative moment due to the load at the end of 
the boom = 5000 X 24 = 120,000 in.-lb., and the flexural fibre stress is 120,000 
X 5/122.1 = 4910 lb. per sq. in. This is within the permissible limit. 

Mast. —The mast should be investigated for the three critical positions of 
the live load considered in designing the boom. By reason of the fact that the 
maximum buckling effect normal to the plane of the channel webs is at mid¬ 
height of the mast, the latter level will be assumed as the critical one. It is true 
that the moment will be greater at the level of the boom, but the permissible 
stress would also be greater. 

Mast, Case 1. —Assuming the 5000-lb. load (including impact) at the centre 
of the 7.35-ft. segment of the boom, its line of action will be 4.32 ft. from the 
centre line of the mast. Taking moments about the top or bottom of the mast, 
the horizontal reactions vill be 5000 X 4.32/16 == 1350 lb., acting to the left 
at the top and to the right at the bottom. 

For the sake of simplicity, consider the forces acting on the lower half of the 
mast. 

Total axial thrust, which may be considered centric, = 5000 lb. 

Moment at mid-height of the mast = 1350 X 96 = 129,600 in.-lb. 

Assuming the mast to consist of two 12-in., 20-7-lb. channels arranged as 
shown in Fig. 91, then for the entire section, A = 12.06 sq. in. and h — 256.2 
in.^, and the maximum fibre stress at the centre of the height of the mast is 

= 5000/12.06 + 129,600 X 6/256.2 
= 415 + 3030 = 3445 lb. per sq. in. 

Radius of gyration of two channels 1 in. back to back, as shown in Fig. 91, 
about axis 2 — 2 is r 2 = {li/A)^. Now, 72 = 2(7o + Aoi/o'*^), where /o = moment 
of inertia of one channel about an axis through its centre of gravity parallel to its 
web; Ao = area of one channel; 2/0 = distance from gravity axis of one channel 
to gravity axis of mast as a whole. Hence 

72 = 2{3.9 + 6.03(1.20)2} = 25.2 in.^ 

andr 2 = 1.44 in. 

Permissible stress on mast considered as strut tending to buckle in plane 
normal to web = Pc = 18,000/(1 + 1922/18,000 X 1.442) — 9 Q 5 Q p^j. gq 

The assumed section is much in excess for this case of loading. 

Mast, Case 2. —With a 5000-lb. load at the tie connection to the boom, the 
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mast is subjected to a horizontal reaction of 5000 X A = 2500 lb. at the base. 
The total axial thrust = 5000 lb. 

Moment at centre of mast = 2500 X 96 = 240,000 in.-lb. 

For the assumed section, the maximum fibre stress 

Sm = 5000/12.06 + 240,000 X 6/256.2 
= 415 + 5620 = 6035 lb. per sq. in. 

The section assumed is, therefore, adequate, as the permissible stress is 
9050 lb. per sq. in. 

Mast, Case 5.—With the 5000-lb. load at the extreme outer position on the 
boom, the mast is subjected to a horizontal reaction of 5000 X = 3125 lb. 
The total axial thrust = 5000 lb. 

Moment at centre of mast = 3125 X 96 = 300,000 in.-lb. 

For the assumed section, that is, two 12-in., 20.7-lb. channels 

Jm = 5000/12.06 + 300,000 X 6/256.2 = 7440 lb. per sq. in. 

Since the permissible stress is 9050 lb. per sq. in., the assumed section is 
adequate. Lighter channels would, however, not be sufficient. 

Details .—Filler or separator plates should be inserted between the channels 
at such distances apart that their maximum spacing centre to centre divided by 
the radius of gyration r'a of a single channel about its gravity axis i)arallel to its 
web does not exceed the slenderness ratio of the member, as a whole about the 
gravity axis parallel to the channel webs, that is 16 X 12/1.44 = 133.4. Since 
r's = 0.81, the maximum spacing of separators is, therefore, 0.81 X 133.4 
= 108 in. = 9 ft. This requirement will be met by the use of two separators 
located as shown in Fig. 91. 

Head and foot castings are designed with a 1-in. web to be bolted or riveted 
between the channels. A casting, attached by four bolts, connects the tie to 
the boom. All castings should be of steel. 

138. Design of an A-Bent for the Support of an Outside Crane Runway.— 
Design one of the supporting A-shaped bents for an outside crane runway to 
conform to the following requirc*nient&: 

General Dimensions. —T.ength of runway = 200 ft. (10 girder spans of 20 ft. 
each). Height = 30 ft. to base of runway rail. Span of crane = 60 ft. centre 
to centre of rails, as shown in P"ig. 92. 

Loading .—^A 20-ton electric travelling crane, imposing on a runway rail, as 
a maximum, two 36,000-lb. vertical loads, 10 ft. 6 in. apart, plus 25% for impact. 

End thrust of crane = 20% of lifting capacity, equally divided amongst the 
four wheels of the crane and without impact. 

Tractive force on the runway rail = 20% of the maximum wheel loads, with¬ 
out impact. 

Wind on the side of the crane and the side of the runway girders, 20 lb. per 
sq. ft. Wind force on the end of crane = 1000 lb. Wind force on the bent 
= 35 lb. per ft. of height, either in the longitudinal or the transverse direction. 
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Specification .— 

(а) The following loading combinations shall be considered: 

(1) Dead load + live load + impact; 

(2) Dead load + live load + impact + traction + longitudinal wind 

on bents only; 

(3) Dead load + live load + impact + longitudinal wind; 

(4) Dead load + live load + impact + end thrust + transverse wind. 

(б) Permissible stresses in pounds per square inch 


Tension on net section . 18,000 

Compression on gross section .17,000 — 60 l/r 

but not over . 15,000 


These stresses are to l)e employed for combination (1) but may be in¬ 
creased by 25% for combinations (2), (3) f)r (4). In no case shall the 
section be less than that required for combination (1) at the basic 
permissible stresses. 

(c) Maximum slenderness ratios, Z/r, 

For legs, 130; 

For other compression members, 175. 

(d) For two angles riveted back to back on opposite sides of a gusset plate, 
the full gross section for compression and the full net section for tension are to 
be considered as effective. 


Wind on Crane, 
One Rail, 

LonglWmd, ^ =3000 ^ ^ 
for II Bents, 

Wrll,550** 


Traction for 
One Rad, 
N'-I4J00^ 


l_ 60 'c toc__ 
' of Rads 



-J0Baysof?0'-200' 

Fig, 92. —Layout of Crane Runway. 


'30'to 
B. ofR. 


Form and Proportions of Bent .—A bent with one vertical leg and one sloping 
leg, as shown in Fig. 93, will be adopted. This leaves practically the whole 
space covered by the span of the crane free of obstruction. The height will be 
divided into four stories averaging 7.5 ft. each, the exact heights to be deter¬ 
mined in the detailing. Very steep bracing is likely to make simple connections 
difficult of attainment, and stories of considerable height are likely to give 
excessive slenderness ratios for the legs. A base width of one-quarter of the 
height, or 7.5 ft., will be satisfactory. It will be assumed that the runway 
girder is 2 ft. deep, which would make the actual height of the bent 28 ft., if the 
afxjx point is assumed at the base of rail, as in Fig. 94. 

Stresses Due to Vertical Loads .—For simplicity the weight of the bent will be 
neglected in the computations. The vertical loads will then all be applied at 
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bcde ^ 



Ti2950 


Note; 

D • Dead Load 
L • Live (Crane) Load 
/ • Impact 
N « Traction 
T » End Thrust Of Crane 
Lonpifudtna/ fVtnd 

on Bent ^ 
Longitudinal Wind ^ 
on Crone 

Transverse Wind 

» Tension 
- • Compression 


500 0 500 1000 ISOO 



Scale in Lb. 


^ (d) Stresses Due to End Thrust,! 

(C) Stresses Due to Transverse Wind, Wf 

Fio. 93.—Stress Sheet for a Crane Runway Bent 
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the apex joint 1. They consist of dead loadj live (crane) load, impaqt (due to 
the vertical effect of the crane), traction and longitudinal wind. 

Assuming the weight of the crane girder with the running rail and attach¬ 
ments to be 155 lb. per lin. ft., the dead load concentration at the top of the 
bent is 20 X 155 = 3100 lb. 

The maximum wheel loads of the crane being two loads of 36,000 lb. each, 
spaced at 10 ft. 6 in., the maximum concentration at the apex of the bent is 

36,000 ^1 + = 53,100 lb. Impact will augment this by 0.25 X 53,100 

= 13,300 lb. 

The vertical effects of traction and longitudinal wind may be easily seen by 
an examination of Fig. 92. A total tractive effect for one rail of 0.2 X 72,000 
= 14,400 lb. is exerted along the rail. If longitudinal bracing is inserted 
in four bays, each of them will have to look after 3600 lb. of tractive force, and 
the vertical effect on a bent to the top of which a bracing diagonal connects will 
be 3600 cot 6 == 3600 X 30/20 = 5400 lb. 

Longitudinal wind force of 35 lb. per ft. of height of each of the eleven bents, 
or 11 X 35 X 30 = 11,550 lb. in all, is exerted at 15 ft. up from the base. 
Assuming that the bents are not fixed against rotation in the direction of the 
runway, a reaction of 11,550 X 15/30 = 5775 lb. will be delivered to the top of 
the longitudinal bracing system. 

If the average depth of the crane bridge be taken as 5 ft., including therein 
the projected area of the trolley, a longitudinal wind force of 5 X 30 X 20 
= 3000 lb. will be delivered to each rail. 

In all, therefore, the longitudinal bracing must resist 5775 + 3000 = 8775 lb. 
Each braced bay will need to take 8775/4 == 2190 lb., and the vertical effect at 
the top of a critical bent is 2190 cot d — 3280 lb., of which 2160 lb. arises from 
the wind on the bent and 1120 lb. from the wind on the crane. 

Frequently, the vertical loads are considered as being wholly absorbed by the 
vertical post, the sloping one being then considered merely as a transverse brace 
for the post. This is in error, on the side of safety, if the seat for the runway 
girder covers the sloping post as well as the vertical one, as in Fig. 94. In this 
problem both posts will be considered as resisting vertical load. 

The stress in the two legs due to a vertical apex load cannot be found by 
statical methods alone. A simple solution is effected by considering the relative 
vertical stiffness of the legs and allocating the applied load in proportion thereto. 
If the area and length of the vertical leg be respectively Ai and h and the area and 
sloping length of the inclined post be A 2 and Z 2 , then under a vertical load of P 
at the apex, the axial stresses in the two legs are, respectively, 


_ p A 1/2 

(1) 

Aih + A 2^1 

II 

(2) 

Alh + Aj>i 


In order to apply these formulae it is necessary to assume the relative areas 
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of the two legs. Examination of representative designs shows that the area of 
the sloping leg is commonly about 0.60 of the area of the vertical one, and this 
ratio will be assumed in the present instance. The ratio of h to /i being fixed 
by the dimensions of the bent, it readily follows from Eqs. (1) and (2) that 

Pi = 0.632 P 
P 2 = 0.379 P 


Apportioning the vertical loads to the legs in this manner, the stresses indi¬ 
cated in Fig. 93(a) are obtained. For vertical loading the dotted bracing mem¬ 
bers serve only as auxiliary, or stay, members for the legs. The bottom tie 
is assumed to transmit oiie-lialf of the horizontal component in the slojung leg 
to the base at the bottom of the vertical leg. 

Stresses Due to Transverse Wind .—^Any intermediate bent may be subjected 
to three distinct transverse wind forces at the top. The 1000-lb. force on the 


end of the crane may throw 



= 370 lb. on a bent at the 


top. 


Assuming the girders to be 2 ft. deep, and the running rail 0.4 ft. deep, another 
2.4 X 20 X 20 = 960 lb. is added at that point. Further, there is a half story 
of wind properly allocated at the top, that is \ X 7.5 X 35 = 130 lb. Conse¬ 
quently, there exists a total horizontal transverse wind force of 1460 lb. at the 
top. 


TABLE 10 


Stresses in Pounds in Members of Bent Due to Various Loads 


-}- = tension — = compression 


Nature of Load 


Member 

Dead Load, 
D 

Live Load, 
L 

Impact, 

/ 

Traction, 

N 

Longitud 

On Bent, 

Wlb 

iiial Wind 

On Crane, 

Wlc 

Transverse 
Wind, Wt 

End 

Thrust, T 

1 - 2 

-1960 

- 33,050 

1 

-8400 

- 3420 

-1370 

-710 

±.5820 

±11,800 

2-3 

-1960 

-33,550 

-8400 

-3420 

-1370 

-710 

±5820 

±11,800 

3-4 

-1960 

- 33,550 

- 8400 

-3420 

-1370 

-710 

±0380 

±11,.800 

4-5 

-1900 

- 33,550 

-8400 

-3420 

-1370 

-710 

±6920 

±11,800 

1 - 6 

-1180 

-20,150 

- 5050 

-2050 

-820 

-420 

±(>000 

±12,170 

6-7 

-1180 

-20,150 

-5050 

-2050 

-820 

-420 

±(>580 

±12,170 

7-8 

-1180 

-20,150 

- 5050 

-20.50 

-820 

-420 

±7120 

±12,170 

8-9 

-1180 

-20,150 

- 5050 

-2050 

-820 

-420 

±7(>60 

±12.170 

2-6 







±130 


3-6 







±570 


3-7 







±260 


4-7 







±580 


oc 

. 






±300 


5 - 8 1 







±650 


6-9 

j +ir,o 

+2,4.50 

+620 

+2.50 

+ 100 

+60 

±740 

±1,480 
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For the other panel points of the frame the wind loads, applied equally to 
the windward and leeward sides, are as indicated in Fig. 93(6). If the stories be 
7.5 ft. high, an intermediate panel point wind load is | X 7.5 X 35 == 130 lb. 
The resulting stresses are readily found by the graphical construction of Fig. 93(c) 
and are listed in Table 10. 

Stresses Due to End Thrust of Crane, —^The total end thrust of the crane being 
0.2 X 40,000 = 8000 lb., a horizontal transverse force of 2000 lb. will be applied 

to the rail by each wheel. At a bent a maximum concentration of 2000 

= 2950 lb. is therefore possible. The stresses resulting from this force, which 
may act either to the right or left, are indicated in Fig. 93(d). 



TABLE 11 

Maximum Stresses in Pounds in Members of Bent Due to Various Combina¬ 
tions OF Loads 


4- == tension — = compression 


Mem- 


Combinations of Loads 


ber 

(l) = i)+L+/ 

^2)»0 + I/+/ + iV-|-WL/i 

(3)^D+L^I+Wl 

(4) = />+L4-/+r+W7’ 

1 - 2 

-43,910 

-48,750 

-45,990 

-61,530 

2-3 

-43,910 

-48,750 

-45,990 

-61,530 

3-4 

-43,910 

-48,750 

-45,990 

-62,090 

4-5 

-43,910 

-48,750 

-45,990 

-62,630 

1 - 6 

-26,380 

-29,300 

-27,620 

-44,550 

6-7 

-26,380 

-29,300 

-27,620 

-45,130 

7-8 

-26,380 

-29,300 

-27,620 

-45,670 

8-9 

2-6 

3-6 

3- 7 

4- 7 i 

4- 8 

5- 8 

-26,380 

-29,300 

-27,620 

-46,210 

5-9 

H-3,220 

+3,570 

+3,370 

+5,440 


Combinations of Stress. —The most exacting combinations of stress in the 
various members of the bent are indicated in Table 11. As was indicated in the 
specification at the beginning of this article, basic working stresses are required 
for combination (1), but increased stresses are permitted for the other three. 

Proportioning of Members. —Inspection of Table 11, taking account the fact 
that the permissible stresses for combinations (2), (3) and (4) may be increased 
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by 25% above the basic working stresses, indicates that, for the vertical leg, the 
critical case is (4), and the critical story is the bottom one, for which the stress 
is 62,630 lb. 

Although, so far as this leg alone is concerned, it would be permissible to use 
an 8-in. I-section, it is found that the sloping leg must be at least a 9-in. channel. 
Since 9-in. I-sections are not readily available, it will be necessary, for conveni¬ 
ence in details, to make both legs 10 in. wide, perpendicular to the plane of the 
bent. 

Assuming a 10-in., 21-lb. W.F. for the vertical leg, the least radius of g 3 a*ation, 
r, is 1.25 in. and I, the unsupported length, is 90 in. Consequently, l/r = 90/1.25 
= 72. The permissible stress for combination (4) is then Pc = 1.25(17,000 — 60 
X 72) = 15,850 lb. per sq. in., the required area is 62,630/15,850 = 3.95 sq. in., 
and the provided area is 6.19 sq. in. Were it not for the desirability of con¬ 
forming to the necessary width of the sloping leg, the assumed section might 
be substantially reduced. 

For the sloping leg the critical stress is also due to combination (4) and is 
46,210 lb. in the bottom story. Assuming a 10-in., 15.3-lb. channel, the least 
r is 0.72 in., I is 90 in. and Z/r = 125. The permissible stress is then 1.25(17,000 
— 60 X 125) = 11,875 lb. per sq. in. and the required area is 46,210/11,875 = 
3.88 sq. in. For this an area of 4.47 sq. in. is provided. 

In order to ensure ruggedness of the bracing, each bracing member wiU be 
made of two angles back to back, separated by the gussets at the connections 
and at intermediate points by washers with rivets not over 3.5 ft. apart. Mem¬ 
bers connected in this manner are assumed not to suffer in efficiency, either in 
tension or compression, through being connected by one leg only. 

The most important bracing member, 5-9, is, by reason of its liability to 
accident or misuse, proportioned more by judgment than by calculation. Two 
2^ X 22 X ^ in. angles will be used. These give a slenderness ratio of about 
89/0.76 = 117, or well within the limit of 175 permitted for bracing likely to be 
subjected to compression. The area is much in excess of that required for the 
small stress in the member. 

In order to keep the slenderness ratio of the diagonal 5-8 within 175 it is 
necessary to use two angles 2^ X 2 X i in., with the short legs turned out as 
shown in Fig. 94. Again, the stress is not the determining factor in design. 

All the other bracing members may be made of two 2 X 2 X i-in. angles. 
For the connected legs of these angles it would be necessary to limit the rivets 
to not over f in. 

139. Stepped Side Column of a Mill Building.—The stepped side columns 
of the steel mill building for which a bent is analyzed for wind stresses in Art. 134 
not only resist dead, snow and wind load, but also carry the runway girders for 
a 25-ton travelling crane of 40-ft. span, centre to centre of rails, with 25% impact 
for vertical effects. Design a column of the type shown in Fig. 95 conforming 
to the specification of the A.I.S.C. so far as basic permissible stresses are con¬ 
cerned. 

Dimenswm. —^Height of column, 29 ft.; distance of top of rail above column 
base, 18 ft.; depth of knee brace, 4 ft.; spacing of bents, 16 ft. 
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Axial Dead and Snow Loads .—Dead load and the reduced snow load deemed 


appropriate in conjunction with the prescribed wind load are shown in Fig. 95. 
Axial Wind Loads .—Wind effects in the column will be assumed as those 



taken from the stress sheet. In Fig. 96(6) the true column stresses are shown, 
these being the algebraic sum of the vertical components of apparent stress in 
the column and in the inclined auxiliary member at the horizontal section under 
consideration. Obviously such vertical component as the auxiliary member 
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appeals to carry must in reality be taken by the column as an axial load. 
The net axial wind loads are assumed to be applied centrically to the upper 
(narrow) segment of the column. 

Axial Crane Load .—For the specified crane, the maximum loads on one rail 
are two 40,000-lb. loads moving at a fixed distance of 10 ft. apart. (See 
Ketchum^s “ Steel Mill Buildings for a table of t 3 ^ical electric travelling 
cranes.) Considering 25% impact, these become 50,000 lb. each. The maxi¬ 
mum column concentration is 

C = 50,000(1 + A) = 68,750 lb. 

considered as applied in the plane of the inner face of the lower (wide) segment 
of the column. This load should be considered as having a possible eccentricity, 
due to the nature of the connection, amounting to 2| in. measured normal to the 
column web. 

Dead Load Moments .—Consider as positive that sense of moments that pro¬ 
duces for any level considered the same kind of bending as is indicated for the 
same level in the wind flexure diagram of Fig. 97. 

Assuming the out-to-out width of the upper (narrow) segment of the column 
in the plane of bending as 12 in., the dead load moment at the level of the knee 
brace connection, which (see Art. 134) is the critical level in the upper segment 
of the column, is that due merely to the 2500-lh. load from the eave strut. 
For the windward column it is, for the level considered, 

= + 2500 X 6 = + 15,000 in.-lb. 

For the leeward column it is 

Ml = - 2500 X 6 = ~ 15,000 in.-lb. 

Assuming the neutral axis of the lower (wide) segment of the column as at 
its mid-width, the eccentric dead load forces operating at the base of it, which is 
the critical level for this segment, are the 2500-lb. eave strut load, the 300-lb. 
girt load, the 4800-lb. dead load reaction from the roof truss, the 800-lb. weight 
of the upper segment of the column and the 2000-lb. dead load reaction of the 
crane runway. Adopting the sign convention stated above, and assuming the 
lower segment of the column Fig. 95 to be 24 in. wide, the dead load moment on 
the lower segment at the column base is for the windward column 

M^ 2800 X 12.0 - 5600 X 6.0 + 2000 X 12 = - 43,200 in.-lb. 
and for the leeward column 

M, = + 2800 X 12.0 + 5600 X 6.0 - 2000 X 12 = + 43,200 in.-lb. 

Snow-Load Moments .—The snow load acts centrically on the upper segment 
of the column, and there is no moment therein from this cause. 

On the lower segment of the column, the moment due to snow load is —3900 
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X 6 = — 23,400 in.-lb. for the windward column and + 23,400 in.-lb. for the 
leeward column. 

Wind-Load Moments .—The wind-load moment at any level in the column 
arises chiefly from the transverse shear at the plane of contra-flexure acting on 
an arm equal to the distance between the latter and the level in question. 

In Fig. 97 are assembled from 
Fig. *89 the transverse wind forces 
applied to both the windward (IF) 
and the leeward (L) column in ac¬ 
cordance with the pressure and suc¬ 
tion action. At the plane of contra- 
flexure (P. of C.) there are also shown 
the shears across each column. Evi¬ 
dently the maximum moments arise 
at the knee brace connections K or 
K' and at the actual bases A' or B' 
of the column. These moments are 
as given in Table 12. 

Added to the above moments at the column bases, there are the moments 
due to the eccentric application of the axial wind force. This force, for both 
windward and leeward columns, is indicated in Fig. 96(6). The moments at the 
column bases about the column axis, assuming, as for dead and wsnow load, that 
at the column bases clockwise moments are positive, are as given in Table 13. 



Fig. 97.— Moments in Columns Due to 
Transverse Action of Wind load. 


TABIdO 12 


Moments in Columns Due to Transverse Action of Full Wind Load 


Column i 

. 

Point 

Moment, In.-Lb. 

Windward. 

K 

(5626 - 1000) X 200 = 925,000 

Windward. 

A' 

(5625 + 500) X 100 = 612,500 

Leeward. 

K' 

(5625 - 1000) X 200 = 925,000 

Leeward. 

li' 

(5625 + 500) X 100 = 612,600 


TABLE 13 

Moments in TiOWER Section of Columns Due to Eccentric Application op 

Axial Wind Load 


Column 

Point 

Moment, In.-Lb. 

Windward. 

A' 

+ 3200 X 6 0 » 4- 19,200 

Leeward. 

B' 

+ 3200 X 6.0 == 4- 19,200 
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The total wind moments due to both causes are as set forth in Table 14. 

TABLE 14 


Total Wind Moments at Critical Cross Sections of Columns 


Column 

Point 

Total Wind Moment, In.-Lb. 

Windward. 

K 

925,000 

Windward. 

A' 

631,700 

Leeward. 

K' 

925,000 

Leeward. 

B' 

631,700 


Crane Load Moments ,—The vertical load from the crane, including the impact 
increment, will produce a moment in the lower (wide) segment of the column of 
± 68,750 X 12.0 =rh 825,000 in.-lb. in the plane of the column web. 

In addition, there will be a moment in the plane of the column web due to 
the end thrust of the crane. The total end-thrust effect will be considered as 


Negligible 


20% of the lifting capac¬ 
ity of the crane, or 0.20 
X 50,000 = 10,000 lb. If 
this be applied to the sup¬ 
porting runway equally at 
the four wheels, the force 
exerted by each will be 
10,000/4 = 2500 lb. The 
maximum horizontal con¬ 
centration at a column is 
then seen from Fig. 98(5) to 
be 2500(1 + A) = 3440 
lb. This force is applied 
to the top of the runway 
rail. 

Studies of crane-thrust 
moments in the side col¬ 
umns of mill buildings by 
the Cross method of moment distribution (Transactions, American Society of 
Civil Engineers, Vol. 96 (1932), p. 48) have shown that under this type of force 
the two columns of a bent act practically as independent vertical cantilevers 
with a very small moment at and above the line of application of the thrust. 

The moment at the knee brace connections will consequently be neglected, 
but, as indicated in Fig. 98(a), provision will need to be made at the base A' 
for a moment of dz 3440 X 216 = ± 743,000 in.-lb. The signs are to be inter¬ 
preted as under ** Dead Load Moments ” above. 

At the same time, there may be a moment normal to the plane of the column 



Co/. 
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Fig. 98.- 


(b) 

-Moments in Columns Due to End Thrust of 
Crane. 
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web arising from the application of live load to the column wholly from one run¬ 
way girder. Referring to the column detail, Fig. 95, it is seen that the eccen¬ 
tricity may be as much as 2j in. On this basis the moment, including impact 
effect, is 68,750 X 2.75 = 189,100 in.-lb. 

Proportioning of Column above Runway Girder Seat —Experience shows that, 
in general, the most critical section of a member subjected to a series of axial 
loads and to a comparatively large bendmg moment is at the point of maximum 
moment. This, for the upper segment of the column, is at the knee brace con¬ 
nection. Of the two ^jolumiis the windward one is the more highly stressed. 

Having regard to the probability of the coincidence of the various loads men¬ 
tioned above, and taking advantage of the principle of increasing working stresses 
for unlikely combinations, provision will be made for the following combinations 
at the working stresses indicated below, p being the normal permissible stress. 
As most of the sectional area is required to resist one kind of load, namely, wind, 
the increase is justifiably kept dowm to 10%. 


Combination 

Permissible Stress 

(1) Dead load -f wind load. 

(2) Dead load + snow load 

“h wind load -f- crane load. 

V 

V + 10% 


Collecting from above the inaxinium forces and moments existing at the knee 
brace connection of the upper segment of the windward column, we have for 
the two loading combinations, the following: 

Combination (1): 


Axial load: 

Dead load. 

Wind load. 

7,600 lb. 

10 ,r)00 lb. 

Total. 

18,100 lb. 

Moment: 

Dead load. 

Wind load. 

15,000 in.-lb. 

925,(K)0 in.-lb. 

Total. 

940,000 in.-lb. 

Combination (2): 


Axial load: 

Dead load. 

7,600 lb. 


Snow load. 3,9001b. 

Windload. 10,500 1b. 


Total 


22,000 lb. 
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Moment: 

Dead load. 15,000 in.-lb. 

Wind load. 925,000 in.-lb. 

Crane thrust (negligible). 

Total. 940,000 in.-lb. 

To resist these forces and moments, a section consisting of a 12 X 10-in., 
53-lb. W.F. will be assumed. The area of this section is 15.59 sq. in. Its 
radius of gyration in a direction parallel to the web is n = 5.23 in., and in a 
direction normal to the web it is r 2 = 2.48 in. 

In view of the fact that the girts afford a somewhat uncertain support to 
the column in a direction normal to the web, the effective length will be assumed 
as the height between the step and the top, or 139 in. See Fig. 98(a). 

The maximum slenderness ratio is then 139/2.48 = 56, and the permissible 
compressive stress applicable to Combination (1) is then, according to the 
Specification, 


Pc = p = 15,000 lb. per sq. in. 
and the permissible stress ap])licable to Combination (2) is 

p/ = p + 10% = 15,000 + 1500 = 16,500 lb. per sq. in. 

The re(iuired areas are, applying Eq. (4) of Art. 36, Combination (1): 


Combination (2): 


_ 18,100 940,000 X 6.03 

“ 15,000 (5.23)2 X 15,000 

= 1.21 + 13.82 = 15.03 sq. in. 


_ 22,000 940,000 X 6.03 

” 10,500 (5.23)2 X 16,*500 

= 1.33 + 12.57 = 13.90 sq. in. 


The area of the assumed section, 15.59 sq. in., is ample for either combination. 

Proportioning of Column Below Runway Girder Seat .—Consideration of the 
forces and moments acting on the lower segment of the column leads to the con¬ 
clusion that for Combination (1) the most critical section is at the base of the 
leeward column, whereas for Combination (2), the critical section is at the base 
of the windward column. 

In Combination (2) the effect of the tractive force on the crane runway has 
been neglected, because of the unlikelihood of its concurrence with the other 
effects that have been considered. 

For the lower segment of the column the same permissible stress increase for 
Combination (2) will be adopted as was employed for the upper segment. 
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The forces and moments for the two adopted loading combinations are, from 
what has preceded, as follows: 

Combination (1): 

Axial load: 

Dead load. 12,400 lb. 

Wind load. 3,200 lb. 

Total. 15,6001b. 


Moment: 

Dead load. 43,200 in.-lb. 

Wind load. 631,700 in.-lb. 


Total. 

Combination (2): 

Axial load: 

Dead load. 

Snow load. 

Wind load. 

Crane load.. . 

Total. 

Moment, in plane of web: 

Dead load. 

Snow load. 

Wind load. 

Crane, weight effect. 

Crane, thrust effect. 

Total . 

Moment, normal to plane of web: 
Crane weight effect. 


674,900 in.-lb. 


— 

12,400 lb. 

— 

3,900 lb. 

+ 

3,200 lb. 

- 

08,750 lb. 

— 

81,850 lb. 

__ 

43,200 in.-lb. 

— 

23,400 in.-lb. 

+ 

631,7(K) in.-lb. 

+ 

825,000 in.-lb. 

+ 

743,000 in.-lb. 


+ 2,133,100 in.-lb. 


189,100 in.-lb. 


The section assumed for the lower segment of the column will consist of a 
24 X 12-in., 100-lb. W.F., having an area of 29.43 sq. in., a section modulus of 
248.9 parallel to the web and one of 33.9 perpendicular thereto. 

Since without horizontal stiffeners on the web the effective portion of the 
web between the fillets should be limited to 40 times the web thickness, the 
effective area of the column for axial (not flexural) stresses will be 29.43 — 
(2.16 X 0.468) = 28.42 sq. in. 

At the critical section, that is at the column base, the column is restrained 
against lateral buckling, and the permissible stress for loading Combination (1) 
is consequently pc = 18,000 lb. per sq. in.; for Combination (2) it is p/ = 
18,000 + 10% = 19,800 lb. per sq. in. 
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The maximum existing stresses for the two combinations are Combination (1): 

15,600 674,900 

~ 28.42 248.9 

= 6480 + 2620 = 8100 lb. per sq. in. 

as compared with 18,000 lb. per sq. in. permitted. 


Combination (2): 

^ . i* . r _ . 2,133,100 , 189,100 

fc+fn +//« - ^ + 

= 2880 + 8570 + 5580 = 17,030 lb. per sq. in. 


The permissible stress is 19,800 lb. per sq. in., and consequently the section 
affords considerable margin. 

A section 50 in. above the base will be investigated. Here the axial load is 
practically 81,850 lb., as before, but the wind moment is reduced to 325,500 in.-lb. 
and the crane-thrust moment to 571,500 in.-lb., giving a total moment of 1,655,- 
400 in.-lb. parallel to the web. Normal to the plane of the web the moment is 
as before. 

Calculation shows 
that the maximum ex¬ 
treme fibre stress is 
15,120 lb. per sq. in. 

If the basic j^ermissible 
stress at 50 in. up from 
the base be midway 
between 18,000 lb. per 
sq. in. and that at mid¬ 
height of the wide seg¬ 
ment of the column, or 
13,320 lb. ix»r sq. in., 
the increased permis¬ 
sible stress for the load 
combination consid¬ 
ered is 13,320 + I 
(18,000 — 13,320) -|- 10% = 17,230 lb. per sq. in. Although there is still a 
fairly large excess strength here, the next lighter section would not be sufficient. 
Moreover, the flange width would be too small to afford an attachment of the 
runway girder to it by the riveting arrangement indicated in Fig. 99. 

140. Design of a Crane Runway Girder. —Design the crane runway girder 
supported by the mill building side column of Art. 139. The span is 16 ft., 
centre to centre of columns, and the live load is that due to a 25-ton travel¬ 
ling crane of 40-ft. span, centre to centre of rails, with 25% impact for ver¬ 
tical effects. Permissible stresses according to the A.I.S.C. Specification. 
Rivets, f in. 
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Dead Load .—^Assuming a 24-in., 110-lb. W.F. section, the total dead load 
per lineal foot, including a 50-lb. running rail with clips and bolts, will be about 
135 lb. 

Live Load .—The vertical loading consists of two 50,000-lb. loads (including 
25% impact) moving at a fixed distance of 10 ft. apart, while the horizontal load¬ 
ing consists of two 2500-lb. loads moving similarly. 

Maximum Moments and Section Jor Flexure .—The maximum vertical moment, 
Mxi which will occur when one of the 50,000-lb. loads is at mid-span, Eq. (6), 
Art. 141, is as follows: 

Dead load = \ X 135 X (16)2 = 4,320 ft.-lb. 

Live load = 50,000 X Y = 200,000 ft.-lb. 

Total 204,320 ft.-lb. 

= 2,451,840 in.-lb. 


The maximum horizontal moment, My^ will occur under the same loading 
arrangement as the maximum vertical moment, and will therefore be 2,500/ 
50,000 of the vertical moment due to live load, or 200,000 X 2,500/50,000 = 
10,000 ft.-lb. = 120,000 in.-lb. 

In view of the fact that two holes for f-in. bolts opposite each other may exist 
in the top flange fairly close to mid-span, a reduction in section modulus will be 
made to compensate for the loss of compressive value at the holes. 

The effective vertical section modulus will be computed on the assumption 
that the vertical axis does not shift because of perforation, and the api)roximate 
result so found will be corrected by application of Eq. (1) of Art. 81, thus: 


Gross I a})Out horizontal gravity axis = 3315.0 in.'* 

/ of 2 lioles about mid-depth of web 

= 2(0.855 X 0,875 X 11.652) = 203.0 in.* 


Net uncorrected I 

Net corrected section modulus 


1.0 ~ 


0.25 


X 


3112 


(24.16)^2j 12.08 




= 3112.0 ill.* 


= 244.5 in.3 


Since the bottom flange is able to resist only a small part of the horizontal 
moment, it wiU be assumed that only the portion of the girder section above 
mid-depth of the beam is effective for lateral loading. The section modulus of 
this upper half, taken about its vertical gravity axis, and making allowance for 
the two bolt holes, is as follows 


229.1 

Gross 7 about vertical gravity axis = - - 

= 114.5 in.* 

7 of 2 holes = 2(0.855 X 0.875 X 2.75») 

= 11.3 in.* 

Net/ 

= 103.2 in.* 

Net section modulus = — 

6.02 " 

= 17.1 in.s 
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The maximum stress due to the combination of vertical and horizontal 
moments is, from Art. 95 


/* + /y = 


Sx Sy 


2,451,840 

244.5 


120,000 

17.1 


== 10,020 + 7020 = 17,040 lb. per sq. in. 


Since the ratio of laterally unsupported length to flange breadth is 16 X 
12/12.04 = 15.95, the permissible compressive stress on the top flange allowed 
by the A.I.S.C. Specification is 17,750 lb. per sq. in. 

Maximum Shear and Web Section .—The maximum shear in the girder will be 

Dead load = ^ X 16 X 135 = 1,080 lb. 

Live load = 50,000 X (1 + A) = 68,750 lb. 

Total = 69,830 lb. 


As the ratio of clear depth between flanges to web thickness \&h/t = 22A5f 
0.51 = 44, or less than 60, the permissible shearing stress on the gross area of 
web is 12,000 lb. per sq. in. The required area is, therefore, 69,830/12,000 
= 5.82 sq. in. 

For a 24-in., 110-lb. W.F. the web area provided is 24.16 X 0.51 = 12.31 
sq. in. 

Details .—Assuming that the inside of each flange is cut away to enable the 
web of the girder to be directly riveted to the column flange, as in Fig. 99, 
enough rivets will be provided in single shear to carry the maximum reaction, 
69,830 lb. 

The safe single shear value of power-driven, |-in. field rivets being 0.442 
X 13,500 = 5960 lb., the number of rivets required is 69,830/5960 = 12. These 
may be conveniently i)rovided as indicated in Fig. 99. 

A shelf angle is provided on the column flange for convenience in erection, 
but is not considered as a part of the permanent connection. 

The 50-lb. running rail is secured to the top flange of the girder by cast-iron 
clips attached to the girder flange by f-in. bolts. 
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MOVING LOADS ON BEAMS, GIRDERS AND TRUSSES 


141. Fundamental Criteria for Maximum Moments, Shears and Floor-Beam 
Concentrations. —The following formulae serve to determine the critical 
positions of moving loads on beams, girders and trusses in order to produce 
maximum values of certain live load functions involved in design. (References: 
Johnson, Bryan and Turneaure—Modern Framed Structures, Pt. I; Marburg— 
Framed Structures and Girders, Vol. I; Shedd and Vawter—Theory of Simple 
Structures.) 

For maximum moment at any selected point, C, of a beam or girder not receiv¬ 
ing its load through floor beams; or at any point vertically opposite a floor-beam 
connection of a girder or truss 


For maximum moment at any point vertically opposite a floor-beam connec¬ 
tion of a girder or truss having equal panels 


Gi^G 

m 71 


( 2 ) 


For maximum moment at a point not vertically opposite a floor-beam con¬ 
nection of a girder or truss 


G, + --G 
V 

h 



(3) 


Absolute maximum, or maximum attainable, moment in a beam or girder not 
receiving its load from floor beams will be at a load P, so placed that 


Cp 


— €g 


(4) 


Absolute maximum, or maximum attainable, moment in a beam or girder 
not receiving its load from floor beams, for two ecjual loads, P, sf)aced at a fixed 
distance a apart, where the span is equal to or greater than 1.7065 a, will be 



( 5 ) 
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Absolute maximum, or maximum attainable, moment for the above beam or 
girder where the span is less than 1.7065 a is 

M j (6) 


Maximum positive shear at any selected point, C, of a beam or girder without 
floor beams occurs when 

Rl — ^aP = a maximum (7) 


For maximum shear in any panel of a truss or girder with floor beams. 


V ^ I 


( 8 ) 


For maximum shear in any panel of a truss or girder with floor beams, where 
all panels are equal, 



n 


(9) 


For the maximum shear in any panel of a truss or girder with floor beams, 
due to a uniformly distributed load, the loading extends from the right support 
to a point lying to the left of the right-hand extremity of the panel in question a 
distance 


X = 


n — m 
n — 1 


• V 


( 10 ) 


Exact maximum shear in the panel for the case to which Eq. (10) applies 

Approximate, or conventional, .shear in any panel of a truss or girder with 
floor beams, due to a uniformly distributed load 


V = 


wp 

2n 


(n — m){n — m + 1) 


( 12 ) 


For a maximum stress in a diagonal of a curved-chord Pratt truss (Fig. 109), 
there being no loads to the left of the panel in which the diagonal occurs. 


G 2 s G 
p t I 


(13) 


For the case to which Eq. (13) applies, where all panels are equal 




s G 
t n 


( 14 ) 
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For the maximum stress in a vertical of a curved-chord Pratt truss (Fig. 109), 
there being no loads to the left of the panel which lies immediately to the left ojp 
the vertical in question, and all panels being equal. 


(72 


G 

t' n 


(15) 


For a maximum concentration on a floor beam or supporting column 


Pi P2 


(16) 


For a maximum concentration on a floor beam or supporting column, where 
adjacent panels are equal 

Gx = G 2 (17) 

In the preceding formulae the symbols have the following significance: 

a = fixed distance between two consecutive concentrated loads; 

Cg = distance frtjm the centre of gravity of all the loads on a beam to the mid¬ 
point of the span; 

Cp = distance from the point of absolute maximum moment in a beam to the 
mid-point of the si)an; 

G = resultant of all the loads on a span, acting at tlu'ir centre of gravity; 

Gi = in determinations of the condition for maximum moment at any selected 
point in a beam, or at any floor-beam connection to a girder, or at 
any panel point of the loaded chord of a truss, the resultant of all loads 
to the left of the point considered, Eqs. (1) and (2); in determina¬ 
tions of the condition for maximum moment at any point wholly 
within a panel of a girder or within a panel of the loaded chord of s 
truss, or at a panel point of the unloaded chord of a Warren truss^ 
resultant of all loads wdiolly to the left of the panel in which, or oppo¬ 
site which, the moment centre li(\s, Eq. (3); in determinations of the 
condition for maximum floor-bt'am or column concentration, the 
resultant of all loads in the panel immediately to the left of the floor 
beam or column considered, Eqs. (10) and (17); 

G 2 = total amount of load in any selected i)ari(‘l of a truss or girder with floor 
beams, Eqs. (3), (8), (9), (13), (14) and (15); total load in the panel 
immediately to the right of any selected floor beam or column, Eqs. 
(16) and (17); 

k = distance from the particular cross section of a tniss or girder with floor 
beams at which the moment is desired to the nearest panel point to 
the left, Eq. (3); 

I = effective span length of beam, girder or truss; 

h = distance from the left support to the cross section of a beam, girder or 
truss where the moment is desired; 

M = bending moment; 

m = in determinations of the condition for maximum moment at any floor- 
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beam connection of a girder, or at any panel point of the loaded chord 
of a truss, the number of panels from the left support to this point, 
Eq. (2); in determinations of the condition for maximum shear in a 
panel when the loading is uniform, the number of panels from the left 
support to the right-hand limit of the panel in which the shear is 
desired, Eqs. (10), (11) and (12); 

n = total number of panels in a span; 

P = any concentrated load; 

p = length of a panel of a truss or of a girder with floor beams; 

Pi = length of floor panel to the left of any selected floor beam, or girder span 
to the left of any selected column, Eq. (16); 

P 2 = length of floor panel to right of any selected floor beam, or girder span 
to the right of any selected column, Eq. (16); 

Rl = left-hand reaction of a beam, girder or truss; 

5 = distance from the left support of a truss to the point where the prolonga¬ 
tion of the sloping chord in any selected panel cuts the prolongation 
of the line joining the supports, Eqs. (13) and (14) and Fig. 109; 

s' = distance from the left support of a truss to the point where the prolonga¬ 
tion of the sloping chord immediately to the left of any selected ver¬ 
tical cuts the prolongation of the line joining the supports, Eq. (15) 
and Fig. 109; 

S^P = sum of all applied loads between the left support, A, of a beam and any 
selected point C; 

t — distance from the point where the prolongation of the sloping chord in 
any selected panel cuts the prolongation of the line joining the sup¬ 
ports to the left-hand extremity of the panel, Eqs. (13), (14) and 
Fig. 109; 

= distance from the point where the prolongation of the sloping chord 
immediately to the left of any selected vertical cuts the prolongation 
of the line joining the supports to the vertical under consideration, 
Eq. (15), Fig. 109, 

w = uniformly distributed load per unit of length; 

X = distance which a moving uniform load approaching from the right ex¬ 
tends past the right-hand extremity of a panel in order that the shear 
may be a maximum in the panel. 

142. Maximum Moment at Selected Point of a Beam. —What wheel of 
the loading of Fig. 100(a) will produce the maximum moment at a point 6 ft. 
from one end of a 15-lb. beam, and what will this moment be? 

Move the loading from right to left across the span, trying successive loads 
at the point in question, that is, C. In general, the criterion of Eq. (1), Art. 141, 
applicable in this case, can be satisfied only by moving a concentrated load across 
the point. 

Move load 1 across the point (7, as indicated in Pig. 100(6). When the load 
is w^holly to the right of C, Gi/h = 0/6 = 0, and when it is wholly to the left of 
C, Gi/h = 10/6 = If 
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During the movement the value of this quantity must have changed gradu¬ 
ally from 0 to If, and as it did not at any time attain the value of G/l = 30/15 
= 2, the condition for a maximum was not produced. 

Move load 2 across the point C, as indicated in Fig. 100(c). The left-hand 
member, Gi/Zi, of Eq. (1), Art. 141, then ranges in value from 0/6 to 20/6, that 
is from 0 to 3j. As, meanwhile, G/l = 35/15 = 2f, the condition for a maxi¬ 
mum is realized. This will be indicated as Maximum 1. 

Obviously moving the loading to the left, so that load 3 is at C, will produce 
a less serious condition than that depicted in Fig. 100(c), since the load at C 
would be lighter and the other load on the span would be on the short, rather 

!» than on the long, segment. Test- 
•ic, o| ^51 N—8'—44^ ing by Eq. (1), Gi/U ranges 

A '"1 i) W ^ ^ while G/l = 2-|, 

Y -;—-Ic- ^ hence no maximum arises. 

5 _>j -Conceivably a worse situa- 

(a) tion might arise through moving 

the load across the span from 
I left to right with load 1 leading, 

Q A A ^bat is the same thing, con- 

t.- V ...- y . t - - y ^ I sidering the situation at a point 

- ^ _ Q!.-6 ft. from the n^A^-hand end 

Maximum No t Maximum No. 2 of the span, with the movement 

(^) (d) from right to left, as assumed 

V /' for the point C. 

-sjlL —^^>51 Jlj^ Placing load 1 at (7',as shown 

j) d) ®l d) d) will give values of 

• ■ X, ■■■■ - j Gi/h ranging from 0 to 10/9 = 

<->1 while G/l = 10/15 = f. A 

Maximum No. 3 Maximum No.4 condition for a local maximum, 

i^) (^) therefore, exists. Call this Max- 

Fig. 100, Maximum Moment at vSelected 9 

Ti • , iiiiuin Cl, 

Point in a Beam. , , , 

With load 2 at (7, as shown 
in Fig. 100(c), Ci//i rises from 10/9 = if to 30/9 =3:1, while G/l = 45/15 = 3. 
This gives Maximum 3. 

With load 3 at C', as shown in Fig. 100(/), G\/l\ ranges from 20/9 = 2f to 
35/9 = 31, while G/l = 35/15 = 2^. This gives Maximum 4. 

Inspection of Fig. 100 indicates that Maximum 2 is less serious than any of 
the others. The moment calculations for the other three maxima are as follows: 


Maximum No ! 

(c) 


- 

—/5'- 

(b) 


—9-— J*- 6'—H 
Maximum No. 2 
(d) 


Maximum No. 3 Maximum No. 4 

(e) (r) 

Fig. 100. Maximum Moment at vSelected 
Point in a Beam. 


Moment for Maximum 1. —Left-hand reaction is 


15 


Moment at C is 


M - 16 X 6 = 96 kip-ft. 
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Moment for Maximum 3, —Left-hand r6action and moment are respectively 
(10 X 14) + (20 X 6) + (15 X 1) 




15 


18j kips 


and 


M - (18J X 9) ~ (10 X 8) = 85 kip-ft. 


Moment for Maximum 4. —Left-hand reaction and moment are respectively 
g^.CTXl» + (l5X6)-^^p^ 


and 


15 


M = (20 f X 9) — (20 X 5) = 86 kip-ft. 


Greatest Maximum Moment .—Comparison of the above results indicate that 
the greatest possible moment at a point 6 ft. from one end of the 15-ft. beam 
occurs with only two loads on the span, load 2 being at the point in question and 
load|3 being on the longer 
segment, as shown in Fig. 

100(c). For this the mo¬ 
ment is 96 kip-ft. 

143. Maximum At¬ 
tainable Moment in a 
Beam. —Determine the 
position of the point of 
absolute maximum (or 
maximum attainable) 
moment in a beam of 20- 
ft. span due to the passage 
of the loading indicated 
in Fig. 101(a), and calcu¬ 
late the resulting moment. 

The criterion of Eq, 

(4), Art. 141, may gener¬ 
ally be satisfied by several different arrangements. In the present case it may 
be met by three different placings of the loading. In order to ascertain which 
one gives the greatest moment it will be necessary to calculate the three moments 
and compare them. 

In conformity with the usual convention, consider the loads as moving over 
the span from right to left. 

Load 1 as Critical Load .—^The centre of gravity of the loading being 0.23 ft. 
from load 2 and 4.77 ft. from load 3, Eq. (4) of Art. 141 may be satisfied by 
placing load 1 at a point p 3.115 ft. to the left of the centre of the beam, the 
centre of gravity, of the loading on the span being 3.115 ft. to the right of 
mid-span, as shown in Fig. 101(6). 

For this, the left-hand reaction is 15.51 kips, and the moment at p is 


I Fl 

(o) 



MMA 


—/O’ —>+>— /O'—A 
(c/) 

Fig. 101. Maximum Attainable Moment in a Beam. 


0115’^0115' 


(t>) 

/385' 

-6'-^-5-^-76/5'-A 


lli 


m. 


(C) 


M = 15.51 X 6.885 = 107.0 kip-ft. 
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Load 2 as Critical Load. —^Eq. (4), Art. 141, is satisfied by placing load 2 a 
distance of 0.115 ft. to the left of mid-span, the centre of gravity, g, of the load¬ 
ing being 0.115 ft. to the right of mid-span, as shown in Fig. 101(c). For this, 
the left-hand reaction is 22.26 kips, and the moment at p is 

M = (22.26 X 9.885) - (15 X 6) = 130.0 kip-ft. 

Load 3 as Critical Load .—By moving the loading still farther to the left, the 
centre of gravity, g, and the load 3 may be so placed as to be equidistant from 
mid-span, as indicated in Fig. 101(d), this distance being 2.385 ft. The left-hand 
reaction is then 27.90 kips, and the moment at p is 

M = (27.90 X 12.385) - (15 X 11) - (10 X 5) = 130.2 kip-ft. 


Absolute Maximum Moment .—Comparison of the above moments indicates 
that the absolute maximum moment occurs at 2.385 ft. from mid-span, under 
load 3, and is 130.2 kip-ft. 

144. Maximum Attainable Moment 




1 

1 




Si +5 r 




_W_ 


c— 8 ' —^>i<—d-- 

(a) (b) 

Fig. 102. —Maximum Attainable Moment in a 
Beam Carrying Two Equal Loads. 


mid-span as shown in Fig. 102(a). 
mum moment is 

2 X 20,000/16 


in a Beam Carrying Two Equal 
Loads.—Two loads of 20,000 lb. 
each, separated by a fixed distance 
of 8 ft., move over a span (a) of 
16 ft., (6) of 10 ft., (c) of 13 ft. 
What is the loading arrangement 
for maximum attainable moment 
in each case, and what is the 
moment? 

Case (a), IQ-^t. ^pan. —^Eq. (4), 
Art. 141, is satisfied with one 
20,000-11). load i)laced 2 ft. from 
From Etj. (5), Art. 141, the absolute maxi- 


M = 


16 




V 


= 90,000 ft.-lb. 


Case (6), lO-ft. Span. —Eq. (4), Art. 141, can be satisfied only by placing one 
of the loads at mid-span, as indicated in Fig. 102(6). The maximum attainable 
moment is then, from Eq. (6), Art. 141 


M = 


20,000 X 10 
4 


50,000 ft.-lb. 


Case (c), IS-ft. Span .—For this length of span it is possible to satisfy the 
criterion of Eq. (4), Art. 141, either by placing one load 2 ft. from mid-span or 
by placing one load at mid-span. According to Eqs. (5) and (6), Art. 141, a 
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greater moment is developed by the second arrangement, since the span is less 
than 1.7065 times the wheel spacing. The maximum moment is 


M = 


20,000 X 13 
4 


65,000 ft.-lb. 


145. Maximum Moment at any Point Vertically Opposite a Floor-Beam 
Connection of a Truss.—Determine the proper placing of Copper's E60 
loading, Fig. 103, on a 175-ft. through Pratt truss span with seven equal panels 
in order that the maximum moment may arise at the second panel point from 
the end, that is the point c in Fig. 104. What is the resulting moment for one 
truss of a single-track bridge? 



L_--- 1^2'of Load- 

2 3 45 

A OQOO 0 9 ____ 

I ^ |c d 

H--J7'-- 125 ' 

Maximum 

(b) 


h 

2 3 45 

A QOQO 

- I6B' of Load - 

6 7 8 

n n o , , , 

- p 

‘ 1 * 

Ic d 

__/P5'_ 


|<-^ j- 

(c) 



Fig. 104. —Maximum Moment at Any Panel Point of a Pratt Truss. 

Experience shows that, for maximum moment at a selected point in a beam 
or truss: (a) there should be, in general, a relatively large total load on the span; 
(6) it should be, in so far as is consistent with a large total loading on the span, 
concentrated near the selected point, and (c) there should be a load at the point. 
General conformity to (a) makes it necessary to place the heavy driving 
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wheels of the first locomotive to the left of the panel point in question, the con¬ 
centration factor (6) being less important in this case than the placing of a heavy 
total load on the span. It thus happens that wheels 4 or 5 at the panel point 
c will not give appropriate conditions for a maximum moment. 

For the problem in hand, try wheel 6 at c, as indicated in Fig. 104(a). There 
is then 32 + 125 = 157 ft. of loading on the span. Consulting the special mo¬ 
ment table. Fig. 103, the use of which is obvious, it is seen that there are 18 wheel 
loads on the span and, in addition, 48 ft. of uniform load amounting to 3 kips 
per lin. ft. per rail. The total tabular load is then 

G = 426 + (48 X 3) = 570 kips 

Proceeding as for the beam problem of Art. 142, and employing the criterion 
of Eq. (2), Art. 141, which is applicable to the present case, we have, utilizing 
the moment table for the summation of loads. 


m 

G 

n 


135.0 

2 

7 


= 67.5 to 


= 81.43 


154.5 

2 


77.25 


As the movement of wheel 6 across the point c did not produce a value of 
Gi/m equal to the simultaneous value of (j/n, the condition for a maximum was 
not realized. 

Try wheel 7 at c, as indicated in Fig. 104(6). The figures then are 


m 


154.5 

2 


= 77.25 to 


174.0 

2 


G ^ 585.0 
n “ 7 


83.57 


87.0 


Evidently, at some stage in the movement of wheel 7 over the point c, the 
fraction GJm became equal to G/n, and the conditions for a maximum moment 
were realized. 

Try wheel 8 at c, as shown in Fig. 104(c). The ratios are then 


(h 

m 

G 

n 


174 

2 

m 

7 


= 87 to 


= 86.14 


193.5 

2 


= 96.75 


This wheel does not produce a maximum moment. 

Wheel 9 at c likewise fails to produce a maximum. 

The proper arrangement of loading on the span for maximum moment at c 
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is evidently that shown in Fig. 104(5), that with wheel 7 at c. Placing the 
corresponding wheel, 16, of the second locomotive at c would be less serious 
for the truss, as the heavy driving wheels of the first locomotive would be 
replaced on the span by the comparatively light train load. 

The actual moment at the panel point c for one truss of a single-track bridge 
is readily computed for the aid of the moment table, Fig. 103. 

Since there is 162 ft. of loading on the span, the reaction at the left support 
is found by dividing the listed moment about 
a point 162 ft. from the beginning of the 
loading by the span length. This reaction 
is, therefore, 

Rl = 51,337.5/175 = 293.4 kips 

The moment at c is the moment of this 
reaction about c, less the moment of all 
wheel loads to the left of c, that is to the left 
of wheel 7, taken about wheel 7. This latter 
quantity is read directly from the table. 

Hence 

M = 293.4 X 50 - 3232.5 = 11,437.5 kip-ft. 



® Q 


c e 

Maximum ^0.1 

(b) 

c e 

Maximum No. 2 
(C) 


CD 


146. Maximum Moment at a Panel 
Point of the Unloaded Chord of a Warren 
Truss.—Determine the maximum moment 
at the top chord panel point D of the 45- 
ft. pony Warren truss of Fig. 105 due to the 
passage of two loads of 7.5 and 15.0 kips t 

separated by a fixed distance of 10 ft. I (d) 

For this case, the criterion of Eq. (3), 

Art. 141, applies. In it A; = 7.5 ft., p = 15 
ft., h = 22.5 ft. and I = 45 ft. Move the 
load from right to left in the conventional manner with No. 1 leading. For 
the case in hand, Jc/p = 

Try load 1 at e, as indicated in Fig. 105(a). Then as 1 passes over the point 
c, the value of the first member of the equation ranges between 


Fig. 105. Maximum Moment at a 
Panel Point of the Unloaded Chord 
of a Warren Trusa. 


k 

G, + - 
V 


G2 


Meanwhile 


h 


0 + I X 0 
22.5 


= 0 and 


0 -f I X 7.5 
22.5 


= i 


G _ 22.5 _ . 
I 45 ~ ^ 


The condition for a maximum is not realized, as the two members of the 
equation never become equal for this small movement. 
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Try load 2 at e, as shown in Fig. 105(6). Then before and after load 2 has 
passed over the point 


P 

h 


G 

I 


0 + ^ X 7.5 


22.5 


_ 1 
— ¥ 


and 


0 + -^ X 22,5 
22.5 


= h 


22.5 

45 


_ 1 
2 


This gives Maximum 1. 

Try load 1 at c, as shown in Fig. 105(c). As load 1 passes over c, the ratios 
have the following range: 


G . + - • (?2 
p 

h 


0 + -I X 22,5 

22.5 


G ^5 _ 1 
Z ^ 45 


to 


7.5 + I X 15 

22.5 


This gives Maximum 2. 

Try load 2 at c, as shown in Fig. 105((/). 
range from 


Gi + - • Gj 
V 

h 


7.5 4- X 15 

22.5 


As load 2 passes over c, the ratios 


to 


22.5 + 2 X 0 

22.5 


6 ^ _ ^5 _ 1 

Z “ 45 ~ ^ 


This does not satisfy the criterion for a maximum. 

To determine which of the two Maxima, 1 or 2, will be the absolute maximum, 
it will be necessary to calculate the moments due to the two positions of the 
loading, Fig. 105(6) and Fig. 105(c), and compare them. 

For Maximum 1, the left-hand reaction is 


El 


(7.5 X 25) -f (15 X 15) 
45 


9.17 kips 


the concentration at panel point c is 


7.5 X 10 
15 


= 5 kips 


and the moment at D is 


Ml = 9.17 X 22.5 - 5 X 7.5 = 168.75 kip-ft. 
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For Maximum 2, the left reaction is 


El 


(7.5 X 30) -h (15 X 20) 
45 


11.66 kips 


the concentration at panel point c is 


7.5 + 


15 X 5 
15 


12.5 kips 



and the moment at D is 

M 2 = 11.66 X 22.5 - 12.5 X 7.5 = 168.75 kip-ft. 

It thus happens that the two positions of the loading give the same moment 
at D, that is 168.75 kip-ft. This is the absolute maximum. 

147. Maximum Shear at Any Selected Point in a Beam. —Find the maxi¬ 
mum attainable shear at a point 10 ft. from one end of one girder of a 48-ft. 
single-track deck plate girder span due 
to Cooper’s E50 loading. 

The loads applicable to one of the 
girders are five-sixths of the loads for 
one rail, indicated in Fig. 103. 

The proper disposition of the load on 
the si)an will be determined by applica¬ 
tion of the critoion expressed inEq. (7), 

Art. 141. According to it any movement 
of loads that increases the left-hand re¬ 
action Rl tends to increase the positive 
shear, but the jjassage of any load P 
over and to the left of the point in¬ 
creases the negative term and, in 

itself, tends to reduce the shear. 

As a concentration of loads at, and 
immediately to th(^ right of, the point C 
tends to give a large left-hand reaction, 

the first position of loads requiring consideration will be that with w+eel 1 at 
C, as shown in Fig. 106(a). The left-hand reaction is found by dividing the 
moment of all loads on the span about a point 38 ft. to the rear of load 1 by the 
span length. Utilizing the moment table. Fig. 103, this, for E60 loading, is found 
to be 

„ 3406.5 . 

El = —- . = 70.97 kips 

or 70.97 X f = 59.1 kips for E50 loading. 

Since there are no wheel loads to the left of C, the shear is, therefore, 

Vi == 59.1 - 0 = 59.1 kips 



Fig. 106 .—Maximum Shear at a Selected 
Point in a Beam. 
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Try wheel 2 at C, as shown in Fig. 106(6). Proceeding as before, and noting 
that the moment about support B is the same as the moment about a point 46 ft. 
from the head of the loading, the left reaction for E60 loading is 

= 101.2 kips 
48 

or 101.2 X f = 84.3 kips for E50 loading. 

Load 1 being to the left of C, the shear at C is 

V 2 = 84.3 - 12.5 = 71.8 kips 

Any further movement of loads to the left would continue to decrease the 
positive shear. Wheel 2 at C therefore gives the maximum. 

148. Maximum Shear in Any Panel of a Truss with Equal Panels.— 
Determine the proper placing of Cooper’s EGO loading, Fig. 103, on a 175-ft. 
truss span with seven equal panels in order that the maximum shear may arise 
in the second panel from one end, and find the value of this shear for one truss of 
a single-track bridge. 

Experience shows that for a maximum shear in a panel near one end of a 
truss carrying a loading such as the one prescribed, one of the driving wheels of 
the first locomotive should be at the right-hand extremity of the panel. 

Try wheel 2 at c, as indicated in Fig. 107(o). There is then lt33 ft. of load 
on the span. Utilizing the moment table of Fig. 103, we have, with the moving 
of wheel 2 over the point c, 

C 2 = 15 to 45 


At no stage of the movement of wheel 2 over the point c did G 2 — G/n^ and 
hence no maximum was realized. 

Try wheel 3 at c, as shown in Fig. 107(6). The 138 ft. of load on the span 
totals 513 kips. Hence 


G2 = 
G _ 

71 


45 to 75 
513 


= 73.3 


This position of loading obviously gives a maximum, which will be called Maxi¬ 
mum 1. 

Try wheel 4 at c. Fig. 107(c). The 143 ft. of loading amounts to 528 kips. 
Hence 

G 2 = 75 to 105 


G 

n 



This gives a maximum, which will be called Maximum 2. 
Wheel 5 at c does not give a maximum. 
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Obviously a driving wheel of the second locomotive at c would be le 3 s serious 
than the corresponding wheel of the first locomotive. 

The arrangement of loading for absolute maximum shear in the panel be can 
be determined only by calculating the shears for Maximum 1 and Maximum 2 
and comparing them. 
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The shear in the panel is, therefore, Fi = i?L “ U = 218.1 — 13.8 = 204.3 kips. 
For Maximum 2 , the left-hand reaction is 

_ 40,704 ^ ,. 

22 ^ = — i — = 232.9 kips 
175 

The concentration at b is 

790 

C = — = 28.8 kips 
25 

The shear in the panel is V2 = Rl — C — 232.9 — 28.8 = 204.1 kips. 

With wheel 3 at c, the shear is slightly greater than with wheel 4 at that 
point, and hence the absolute maximum value of the shear for one rail of the 
E60 loading is 204.3 kips. 

149. Exact and Conventional Maximum Shear in a Truss Panel Due to 
Uniform Load. —A deck Warren highway truss span 90 ft. in length divided 

into six equal panels carries a 
moving uniformly distributed load 
of 1800 lb. per lin. ft. What 
length of loading must be on the 
span in order that the maximum 
positive shear may arise in the 
third panel from the end, and 
what is the exact and what is the 
conventional maximum shear in 
this panel for one truss? 

According to Eep (10) of Art. 
141, the head of the loading, which 
is considered as moving on the span from right to left, will, for maximum posi¬ 
tive shear in the panel CZ), Fig. 108, lie at a distance from D of 

f* _ o 

a; =- X 15 = 9 ft. 

6-1 

There will, therefore, be 45 + 9 = 54 ft. of loading on the span. 

For the exact maximum shear, Eq. ( 11 ) of Art. 141 applies. The shear in 
panel CD for one truss is 

Vc = X (6 - 3)^ = 12,150 lb. 

For the conventional maximum shear, Eq. ( 12 ), Art. 141, applies. Th(* 
shear is 

QOO V 

^ y _ 3 4 . 1 ) = 13 500 lb. 

2 X 6 

150. Conditions for Maximum Stresses in Diagonals and Verticals of a 
Pratt Truss with Curved Top Chord and Equal Panels. —For the 8 -panel, 
200-ft. Pratt truss with curved top chord shown in P'ig. 109, determine the appro- 



Fia. 108. Shear in a Truss Panel Due to 
Uniform Load. 
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priate placing of Cooper^s EGO loading in order that maximum stresses may arise 
in (1) the main diagonal Cd, (2) the vertical Cc and (3) the possible counter Fg, 
(1) Diagonal Cd .—For the maximum stress in the main diagonal Cd, Eq. (14) 
of Art. 141 applies. 

By cither graphical or analytical means, it is found that s = 325 ft. and 
375 ft. Hence, for this panel, the criterion of Eq. (14) becomes 


Consider the loading as coming on the span from the right, and place wheel 
2 at d. There is then 8 + 125 = 133 ft. of loading on the span. According to 



Fig. 109. Maximum Stresses in Diagonals and Verticals of Pratt Truss 
with Curved Top Chord. 


the moment table, this totals 498 kips. As wheel 2 moves over the point to tiie 
left, Eq. (14) produces the following ratios: 


Gi = 15 to 45 

llx2-i2x“-54.0 

15 n 15 8 


At no stage is the criterion satisfied, and hence no maximum occurs for this 
position of the loading. 

Try wheel 3 at d. There is then 13 + 125 = 138 ft. of loading on the span 
totalling 513 kips. From Eq. (14) we have 


G 2 = 45 to 75 


15 ^ n 


ixf — 


A maximum is thus realized with wheel 3 at d. 

Wheel 4 at d does not give a maximum. 

(2) Vertical Cc ,—For the maximum stress in the vertical Cc, Eq. (15) of Art. 
141 applies. For this vertical s' = 75 ft. and = 125 ft., and Eq. (15) becomes 
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Try wheel 2 at d. The total load on the span being 498 kips, we have 
Gj = 15 to 45 

5 71 5 8 

Hence, a maximum arises with w^heel 2 at d. 

Try wheel 3 at d. Proceeding as before, 


Gi = 45 to 75 

8 


5 n 5 


= 38.5 


Hence, wheel 3 at d does not produce a maximum. 

Wheel 4 at d does not give a maximum. 

(3) Assumed Counter Fg. —Eq. (14) of Art. 141 applies to this as well as to 
any other diagonal. The distances s and which are indicated on P"ig. 109 as 
s” and are found cither graphically or analytically to be 525 ft. and 400 ft., 
respectively. Eq. (14) then liecomes 

G - X ^ 

Try wheel 2 at the panel point g. The total load on the span is 228 kips, and 

G 2 = 15 to 45 

2ix^? = ?lx??? = 37.4 
16 n 16 8 


Wheel 2 at gf consequently produces maximum tensile effect in the assumed 
counter. Wheels 1 and 3 at do not give appropriate conditions for a maximum. 

151. Maximum Floor-Beam Con¬ 
centration.—The panels of the floor 
system of a bridge are 25 ft. long. 
Find the maximum concentration of 
live load per rail at a floor beam due 
to Cooper ^s E60 loading. 

For e(iual floor panels, the condition 
for maximum floor-beam concentration 
is attained when Eq. (17) of Art. 141 is 
satisfied. There may, however, be many 
arrangements of the loading that w'ill satisfy this criterion. Obviously the 
absolute maximum concentration will occur when the heavy driving wheels of 
a locomotive an* j)laced in the vicinity of the floor beam. 

By rough trial, it appears that wheel 4 at the selected floor beam 5, as shown 
in Fig. 110, would probably satisfy the rule of Eq. (17). Neglecting wheel 8, 
which by reason of its position at the extreme limit of one of the adjacent panels, 
6 c, can send no load to the floor beam under consideration, the total Ipad on the 
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two floor panels is seen by inspection to be 174 kips. Half of this, or 87 kips, 
must be allocated to the left-hand panel ab. Tliis division will occur if, in addi¬ 
tion to the 75 kips from wheels 1,2 and 3, there be assigned to the panel db 12 kips 
of the 30 kips applied by wheel 4. This position therefore, gives a local maxi¬ 
mum. 

Exactly the same condition will exist if wheel 13 is placed at the floor beam 6. 

The amount of the concentration at b is easily found as follows: 

Reaction of loads 1, 2 and 3 at 6 

= {15 X 7 + 30(15 + 20) }/25 = 46.2 kips 

Load 4 at 5 = 30.0 kips 

Reaction of loads 5, 6 and 7 at 5 

= {19.5(6 + 11) + 30 X 20}/25 = 37.3 kips 

Total live load concentration at 5 =113.5 kips 

152. Exercise Problems on Moving Loads on Beams, Girders and Trusses. 

—The following exercise problems are based on the principles employed in the 
solution of the problems of this chapter and Chapter XL See Appendix I for 
the answers. 

( 1 ) Three loads of 10 kips each, separated by two fixed spaces of 4 ft. each, travel 
across a 16-ft. beam. What is the greatest attainable moment at a point 6 ft. from 
one end, and what position of the loading produces it? 

( 2 ) Three loads of 20, 10 and 20 kips, separated by two fixed spaces of 6 ft. each, 
move over a beam of 24-ft. span. Find the maximum moment at a point 10 ft. fiom 
une end. 

(3) Three loads of 10,000, 15,000 and 10,000 lb., separated by two fixed spaces of 

5 ft. each, pass over a beam of 40-ft. span. Find the maximum moment at a point 
10 ft. from one end. 

(4) Three loads of 10, 20 and 10 kips, separated by fixed distances of 6 ft., travel 
over a 30-ft. girder. What is the maximum live-load moment at the third point? 

(5) Three loads of 10 kips each, separated by two fixed spaces of 9 and 6 ft., 
pass over a beam of 30-ft. span. Find the maximum moment at the exact centre of 
the beam. Is this the absolute maximum moment obtainable in the beam, and, if 
not, where does this absolute maximum occur? 

(6) Two loads of 6 and 9 kips, separated by a fixed space of 10 ft., pass over a 
beam of 20-ft. span. Find the greatest moment that can arise in the beam. 

(7) Two loads of 5 and 10 kips, separated by a fixed space of 11 ft., pass over a 
beam of 16-ft. span. Find the maximum moment in the beam. 

( 8 ) Determine the maximum moment produced in a 15-ft. beam by two loads of 
11,000 and 20,000 lb. moving over it at a fixed distance apart of 10 ft. 

(9) Three loads of 20,000, 6000 and 20,000 lb., separated by two fixed spaces of 

6 ft. each, pass over a beam of 20 -ft. span. Find the absolute maximum moment in 
the beam. 

( 10 ) Find the maximum moment attainable in a girder of 30-ft. span due to the 
passage of four loads of 10,000 lb. each separated by three fixed spaces, in the order 
named, of 5, 10 and 5 ft. 

( 11 ) Three loads of 10, 20 and 10 kips, separated by two fixed spaces of 5 ft., 
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move over a beam of 20-ft. span. Find the absolute maximum bending moment in 
the beam. • 

(12) Four loads of 10 kips each, separated by three fixed spaces of 6 ft. each, 
move over a beam of 30-ft. span. Find the greatest moment that can arise in the 
span. 

(13) Find the maximum live-load moment on one girder of a deck plate girder 
span, 36 ft. centre to centre of bearings, due to the passing of two 40-ton double-truck 
electric railway cars coupled together. The two axles of each truck of a car are 5 ft. 
centre to centre; the distance centre to centre of trucks is 25 ft., and the distance 
from the rear axle of the front car to the front axle of the rear car is 10 ft. 

(14) What is the absolute maximum moment in a 15-ft. beam due to the passage 
of two equal loads of 12 kips separated by a fixed space of 9 ft.? 

(16) What is the maximum possible moment at the third panel point from the 
end of the loaded chord of one truss of a deck Warren truss span containing seven 
16-ft. panels, if the loading is a train of electric cars of the type and weight specified 
in Exercise Problem (13)? What wheel should be placed at the panel point in 
question? 

(16) A pony Warren truss consisting of 3 panels of 14 ft. sustains two 10-kip 
loads moving at a fixed distance apart of 10 ft. Find the greatest possible moment 
at the centre panel point of the top chord. 

(17) Find maximum end shear and maximum bending moment for a girder 18 ft. 
long from live loads of 20,000 and 40,000 lb. 6 ft. apart. 

(18) Three loads of 8, 15 and 12 kips, separated by two fixed spaces of 5 and 
10 ft. in the order named, travel over a beam of 20-ft. span. Determine the position 
of the loading for maximum live-load shear at a point 6 ft. from one end of the beam, 
and compute this maximum shear. 

(19) Determine the maximum she.ar in the third panel of a deck Warren truss of 
a single-track bridge containing seven 16-ft. panels, if the loading consists of a train 
of 40-ton electric cars of the type specified in Exercise Problem (13). 

(20) A highway truss span consisting of five panels of 14 ft. each carries a uni¬ 
formly distributed moving load of 1600 lb. per lin. ft. Find the true maximum live 
load shear in the second panel from the end for one truss. 

(21) What is the theoretical maximum and what is the conventional maximum 
shear in the second panel of an 8-panel truss of 120-ft. span due to a moving uniform 
load of 1200 lb. per lin. ft. of truss? 

(22) A 60-ft. highway truss span of 4 panels of 15 ft. carries a uniformly dis¬ 
tributed moving load of 1600 lb. per lin. ft. of bridge. Compare the correct maxi¬ 
mum live-load shear in the second panel of one tniss with the maximum found by 
the conventional method. 

(23) A 75-ft. highway truss span of 5 panels of 15 ft. carries a uniformly dis¬ 
tributed moving load of 1800 lb. per lin. ft. of bridge. Compare the correct maximum 
live-load shear in the third panel of one truss with the maximum found by the con¬ 
ventional method. 

(24) Three loads of 10, 20 and 30 kips, separated by fixed distances of 6 ft., move 
across an 8-panel, 160-ft. truss span in either direction, but with the light load always 
leading. If the two tnisses bear equal parts of this loading, find the maximum live- 
load shear in a tniss in the third panel from one end. 

(25) A Warren truss highway bridge of 4 panels of 15 ft. each carries a uniformly 
distributed moving load of 1600 lb. per lin. ft. of floor. Find the conventional 
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maximum live-load stress in a diagonal of the second panel of a truss if the trusses 
are ft. deep. 

(26) A road roller of 15 tons’ weight, two-thirds of which is on the rear axle, 
passes over a bridge with floor panels 18 ft. long. If the wheel base is 10 ft., and 
if any line of stringers may be regarded as taking one-half the load directly applied 
above it, find the maximum moment on one stringer. 

(27) A motor truck of 10 tons’ weight, 80% of which is on the rear axle, passes 
over a bridge with floor panels 17 ft. long. If the wheel base is 10 ft. and if any line 
of stringers may be regarded as taking one-half of the load directly above it, find the 
maximum moment on one stringer. 

(28) If the front and rear wheel loads of a motor truck are 3000 and 7000 lb. 
respectively, and the wheel base is 10 ft., find the maximum live-load moment in a 
bridge stringer of 16-ft. span, assuming that the floor distributes a total of only one- 
quarter of the loading directly above a stringer to the adjacent stringers. 

(29) The front and rear wheels on one side of a motor truck pass over a bridge 
directly on the line of a stringer. If the stiffness of the floor slab is such as to dis¬ 
tribute half the load to the two adjacent stringers, find the maximum moment in 
the directly loiided stringer if its span is 15 ft., the wheel base of the truck is 10 ft. 
and the loads on the front and rear wheels are respectively 3000 and 6000 lb. 

(30) A motor truck with wheel base of 10 ft. weighing loaded 20,000 lb. with 
15,000 lb. on the rear axle passes over a highway truss bridge with panels 15 ft. long. 
What is the maximum amount of load brought to bear on one floor beam due to the 
truck? 

(31) Two double-truck, 50-ton electric railway cars coupled together pass over 
a truss span for which the panels are 20 ft. long. The axles bear equal loads and 
are spaced 5, 20 and 5 ft. apart, and there is a space of 10 ft. from the rear axle of one 
car to the front axle of the car following. Find the maximum concentration of live 
load on a floor beam. 

(32) The tnisses of a highway bridge are 20 ft. 6 in. apart, centre to centre; the 
clear distance between curbs is 18 ft., and the panel length is 15 ft. Find the maxi¬ 
mum possible panel-point concentration due to a 15-ton truck, for which the wheel 
base is 10 ft., the gauge 6 ft. and the width of the face of the rear wheels 18 in. 
Assume § of the load as carried on the rear axle of the tnick. 

(33) The panels of a highway bridge are 15 ft. long and the trusses are 20 ft. 
apart, centre to centre. What is the maximum attainable moment in a floor beam 
due to a motor truck of 10-ft. wheel base and 6-ft. gauge with 14,000-lb. load on the 
rear axle and 6000-lb. load on the front axle? 

(34) A load of 120,000 lb. on two axles 7 ft. apart passes over a railway bridge 
having stringer spans of 23 ft. and a spacing of trusses, centre to centre, of 18 ft. 
What is the maximum live-load moment in a floor beam, neglecting all impact con¬ 
siderations, if two lines of stringers 7 ft. apart are used? 

(35) A motor truck with wheel base of 10 ft. and gauge 6 ft. weighing loaded 
30,000 lb., with 20,000 lb. on the rear axle, passes over a highway truss bridge with 
panels 16 ft. long. What is the maximum live-load moment in a floorbeam, if the 
span of the latter is 18 ft.? 

(36) Two adjacent spans of a crane runway are 16 and 22 ft. in length. Find the 
maximum concentration of loading on the column between them due to a pair of 
crane wheels 10 ft. apart and carrying a load of 25,000 lb. each. 
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DESIGN OF PONY WARREN-TRUSS HIGHWAY SPAN 


163. Data. —Design the superstructure of a steel pony, or half-through, 
Warren-truss highway span without sidewalks for a clear opening of 58 ft., with 
a clear width of 18 ft. between curbs, to accommodate two 15-ton motor trucks 
of the type shown in Fig. Ill and to conform to the specification of Art. 154. 

The flooring will consist of a reinforced concrete slab sui)ported on steel 
stringers and surfaced with 2 in. of asphaltic concrete. It will be assumed as 
transferring all lateral and longitudinal forces to the supports without producing 
important stresses in the steel. Latticed handrails will be employed, and end 
floor beams will be used. Inverted U-sections for top chords and end posts 
will be required. Rivets will be I in. 
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(b) Train of Two 15-Ton Trucks 


Fig. 111.—Motor Truck Loading. 


164. Specification.—The bridge will be designed in accordance with the 
following abridged special specification: 

(1) Truss Spacing .—The distance centre to centre of trusses shall be sufii- 
cient to provide a clear roadway of 18 ft. between tops of curbs and 19 ft. 
between handrails. 

(2) Roadways ,—Roadways shall be crowned between curb and the centre 
not less than 1 in. in 9 ft. Curbs shall be not less than 9 in. high and 7 in. wide. 
They shall be designed to resist a lateral force of not less than 500 lb. per lin. ft. 
of curb applied at its top. 

(3) Handrails .—Handrailings shall extend 3 ft. 9 in. above the adjacent 
floor surface, and shall be designed to resist a lateral force on the top rail of 150 lb. 
per lin. ft. and an alternative vertical force of 100 lb. per lin. ft. In the lower 
half of a latticed steel handrailing the clear perpendicular distance between 
lattice members shall not exceed 6 in. 

(4) Dimensions for Calculation .—Span lengths for stress calculation shall be 
the following distances: For trusses, centre to centre of end bearings; for floor 
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beams, centre to centre of trusses; for stringers, centre to centre of floor beams. 
The depth of riveted trusses shall be the distance between the centres of gravity 
of chord sections. 

(5) Minimum Thickness, —Material, including webs of I-beams, but exclud¬ 
ing fillers and handrails, shall be not less than ^ in. thick. 

(6) Total Loads, —The structure shall be proportioned for the combination 
of dead load, live load and impact. 

(7) Live Load, —The live load shall consist of two 15-ton trucks of the type 
shown in Fig. 111. These shall be assumed either as moving in the same direc¬ 
tion in one traffic lane with a minimum distance of 30 ft. between the rear axle 
of one truck and the front axle of the other. Fig. 111(6), or as moving independ¬ 
ently in the two lanes and headed in the same or opposite directions. 

(8) Impact, —Impact shall be added to the live-load stress in accordance 
with the formula: 


7 = L • 


50 

125 + ^8 


( 1 ) 


in which I = impact stress; 

L = live-load stress; 

S = length in feet of the shortest portion of the floor which must be 
loaded or reloaded with the trucks moving in a forward direc¬ 
tion, in order to cause the stress in the member or part consid¬ 
ered to rise from zero to a maximum. 

(9) Floor Slab Loading, —In calculations of moment due to wheel loads on 
concrete slabs, no distribution of load in the direction of the span of the slab 
shall be assumed. In the direction perpendicular to the span of the slab, the 
wheel load shall be considered as distributed uniformly over a width of slab 
termed the effective width.” For a floor slab supported by longitudinal 
stringers, in which the critical span and the main reinforcement are perpendicu¬ 
lar to the direction of traffic, a wheel load shall be assumed as distributed uni¬ 
formly over an effective width e of slab given by the formula 

e = 0.7(2x + 0 (2) 

in which x — distance from the centre of the wheel to the centre of the hear 
support; 

t = width of tire. 

A slab designed for moment in accordance with the foregoing rule may be 
considered as adequate for shear without special reinforcement. 

(10) Stringer Loading, —In calculating moments in longitudinal stringers, 
no longitudinal distribution of wheel loads shall be assumed, but lateral distri¬ 
bution shall be assumed as follows: 

(a) Interior stringers supporting a reinforced concrete floor slab, and spaced 
at not over 10-ft. centres, shall, when two or more traffic lanes exist, be designed 
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to carry fractions of one, or, if applicable, two wheel loads, in tandem, as given 
by the formula 



in which / == fraction of wheel load under consideration supported by stringer; 
s = spacing of stringers in feet, centre to centre. 

(6) The maximum live load supported by an outside stringer shall be deter¬ 
mined by placing a truclc in the most unfavorable position and by assuming the 
flooring to act as a simple beam between stringers. 

In calculating end shears and end reactions in stringers, no lateral distribu¬ 
tion of any wheel load situated at the end of a stringer shall be permitted. Dis¬ 
tribution may, however, be assumed for the wheels of the other axle. 

(11) Floor-Beam Loading .—In calculating moments in floor beams, no dis¬ 
tribution of wheel loads in the direction of the span of the floor beam shall be 
assumed. 

(12) Moments in Floor Slabs .—When floor slabs are reinforced for continuity 
over interior supports, and when the sj)ans are approximately equal, the moment 
shall be that for a simply supported beam multiplied by the appropriate coeffi¬ 
cient from Table 15. 


TABLE 15 

Coefficients by Which Simple Beam Moment in Slab is to be Multiplied 



Intermediate Span 

I^nd Span 

Type of Load 

Positive 

Negative 

Positive 

Negative 


Moment 

Moment 

Moment 

Moment 

Uniformly distributed 

2 

4 

6 

2 

ii 

fi 

Concentrated at mid-span 

4 

6 

2 

4 

5 

2 

5 


(13) Reversal of Stress .—Members in which the static live-load stress may 
have two maximum values, one of similar sign to the dead-load stress and one 
of opi)osite sign shall be i)roportioncd for either (a) the full dead-load stress 
combined with the maximum live-load stress of the same sign with its corre¬ 
sponding impact, or {h) the maximum live-load stress of the opposite sign with 
its corresponding impact, less 70% of the dead load stress, each combination 
being further increased by an amount equal to one-half the smaller of the two 
combinations. When the live-load stress is always of opposite sign to the 
dead-load stress, only combination (5) will apply and no further increase shall 
be made. 

(14) Secondary Stresses .—With a view to lessening secondary stresses, trusses 
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should be so designed and detailed that (a) the gravity axes of members corre¬ 
spond as closely as possible to the skeleton lines of the truss and (6) the centre 
of gravity of a rivet group connecting a member to a gusset be as close as possible 
to the gravity axis of the member. 

In ordinary trusses without sub-paneling, secondary stresses may be ignored 
in any member the width of which in the plane of the truss is less than of the 
length of the member. 

(15) Permissible Stresses ,—Permissible stresses in pounds per square inch 
are as follows: 

Structural Steel 


Axial tension on net section . 18,000 

Bearing compression, except for rivets . 24,000 


Axial compression on gross section of columns 
with a maximum of 14,000, where I = unsup¬ 


ported length centre to centre of intersections, 
and r = least radius of gyration applicable to 

this length . 17,000-60 l/r 

Diagonal compression in webs of beams with a 
maximum of 12,000 where c = clear height 

between fillets and t = web thickness. 17,000-100 c/i 

Flexure on extreme fibres of rolled shapes, built- 
up sections and girders (net section), con¬ 
tinuous lateral support being provided. 18,000 


Flexural compression in the flanges of beams and 
girders not continuously supported laterally, 
where I' = spacing of lateral supports in the 
neighborhood of the maximum moment and 


h = flange breadth. 18,000-170 

Shear on gross section of webs. 12,000 

Rivet Steel 

Axial tension on shafts of power-driven rivets.... 7000/(i 

where d = diameter of rivet in inches before driving. 

Shear on power-driven shop rivets. 13,500 

Shear on power-driven field rivets . 12,000 

Bearing on power-driven shop rivets. 27,000 

Bearing on power-driven field rivets. 24,000 


The above-mentioned values for shear and bearing on rivets shall be reduced 
25% where they are countersunk. 

Intermediate Grade 
Reinforcement Steel 


Axial tension 


20,000 
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Concrete 

Flexural compression, where fj = crushing 
strength at 28 days, in pounds per square inch, 0.4 // 

(16) Net Section at Rivet Holes in Tension Members, —The diameter of rivet 
holes shall be taken as | in. larger than the nominal diameter of the rivet. 
Allowance shall be made in each component part for as many rivet holes as it 
contains gauge lines, unless the distance centre to centre of rivet holes, measured 
on the diagonal, is at least 40% greater than the distance between the gauge 
lines. 

(17) Effective Area of Angles, —The effective area of a single angle connected 
by one leg only and acting in either tension or compression shall be the actual 
area (allowing for rivet holes in tension angles as in (16)) multiplied by the 
coefficient, 

e = 1.0 - 0.18 u/c (4) 


in which u = length of outstanding leg in inches and c = length of connected 
leg. This reduction shall apply to each angle of a double-angle member con¬ 
nected back to back on the same side of a gusset plate. 

If a double-angle member is connected with the angles back to back on oppo¬ 
site sides of a single gusset plate, the net area (gross, in the case of compression 
members) shall be considered as fully effective. This shall also be assumed if 
the angles connect to separate gusset plates and arc connected to each other by 
stay plates located as near as practicable to the gussets. 

(18) Limiting Radius of Gyration, — The minimum allowable radius of gyra¬ 
tion for compression members shall be* 


Main compression members.r = 

Wind bracing and other secondary compression mem¬ 
bers . r — 


2 I b, 
350 

2 I h 
400 


where r = least radius of gyration in inches; 

I = unsupi)orted length of member in inches in the direction in which r 
is sought; 

h = length of horizontal projection of member in inches, to be included 
only when considering the axis about which bending is produced 
by the weight of the member. 


For built-up I-sections, the radius of gyration may be computed for the 
flange material alone, neglecting the web plate (in part or wholly), in which case 
the latter shall not be counted as effective section for axial compression. 

For riveted tension members the least allowable radius of gyration of the 
gross section shall not be less than the length of the member in inches divided 
by 250. 

(19) Local Buckling, —No material in compression shall have an unsupported 
width of more than 60 times its thickness and not more than 40 times the thick- 
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ness of the unsupported portion of a plate shall,be considered as effective section. 
The thickness of the outstanding legs of angles in compression, except when 
reinforced by plates, shall be not less than ^ and -jV of the unsupported length 
of the outstanding leg for main and secondary members, respectively. 

(20) Pony Truss Bridges .—In pony truss bridges, the vertical truss members 
and the floor-beam connections thereto shall be proportioned to resist, in addi¬ 
tion to the other stresses herein specified, the stresses due to a lateral thrust at 
the top chords not less than 2% of the maximum axial stress in the chord mem¬ 
bers to which the particular vertical connects. The top chord sections shall 
be so proportioned that the radius of gyration about the vertical axis of the 
member will be at least twice that about the horizontal axis. 

(21) End Floor Beams .—^End floor beams shall be provided where possible, 
and they shall be designed for jacking up the spans, under which condition the 
permissible stresses specified in (15) shall not be exceeded by more than 50%. 

(22) Lateral Bracing .—Lateral force will be assumed as delivered to the sup¬ 
ports by the reinforced concrete floor acting as a horizontal girder. Temporary 
bracing may be used for convenience in erection. 

(23) Bearing ^.—Spans of less than 70 ft. may be arranged to slide upon metal 
plates with smooth surfaces. 

166. General Dimension.—Assuming bearing plates 14 in. wide in the 
direction of the axis of the bridge, and the distance from the outer edge of such a 
plate to the face of the abutment as 5 in., the span centre to centre of truss bear¬ 
ings is 58 + 2(A + 1 ^ 2 ) = 60 ft. 

To give a clear width of 18 ft. between tops of curbs. Art, 154 (1), the centre- 
to-centrc spacing of the trusses, if the distance from the inner top corner of the 
curb to the centre line of a truss, Fig. 112(c), is assumed as 1 ft. 4 in., must be 
18 ft. + 2 ft. 8 in. = 20 ft. 8 in. This spacing will make possible the specified 
minimum clear distance of 19 ft. between handrails and will obviate overlapping 
of the end connections of the floor beams and outside stringers. 

Economic proportions for pony Warren truss spans generally arise when the 
depth is from J to of the span. It >vill be made 7 ft. between centres of grav¬ 
ity of chords. 

Diagonals should for economy be inclined at somewhat less than 45 deg. to 
the vertical. This requirement will be satisfied and practicable stringer spans 
brought about by making the panels 12 ft. long, as shown in Fig. 112(a). 

166. Floor Slab.—For a spacing of trusses of 20 ft. 8 in. centre to centre 
a stringer spacing of 3 ft. centre to centre will be satisfactory with respect to 
both economy and practicability of details. As shown in Fig. 112(c), the out¬ 
side stringer is placed at the face of the curb. 

A 2-in. asphaltic concrete surfacing will be used on a Portland cement con¬ 
crete structural slab assumed as 6 in. thick. If both materials be assumed to 
weigh 150 lb. per cu. ft., the weight of the slab and surfacing will be 150 X A 
= 100 lb. per sq. ft. 

Placing a rear wheel of a truck in the critical position for slab moment, that 
is at the centre of slab span, the distance from the centre of the wheel to the 



238 


ELEMENTARY STRUCTURAL PROBLEMS 



(b) Half Plan (c) Half Section 

Fio. 112.—Stress Sheet of 60-rt. Pony Warren-Truss Highway Span 
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centre of the nearest support is x = 18 in. The tire width t being 15 in., the 
width of slab over which a wheel load may be considered as uniformly distrib¬ 
uted in a direction perpendicular to the slab span is, from Art. 154(9) 

e = 0.7(2 X 18 + 15) = 35.7 in. 

A 12-in. strip of slab may consequently be considered as bearing a central 
concentrated load of 

12,000 X 12/35.7 = 4035 lb. 

The slab will be reinforced for continuity over the interior supports, and 
hence the moment coefficients for uniformly distributed and concentrated loads 
given in Table 15 of Art. 154(12) will apply. 

The maximum live-load moment in a span of the slab may arise when a rear 
wheel has moved only 35.7/2, or say, 18 in. on the bridge from the centre of an 
end floor beam. The loaded distance to be employed in the impact formula of 
Art. 154(8) for slab moment is only 1.5 ft., and the impact fraction 
I/L = 50/(125 + 1.5) = 0.39. 

On a 12-in. strip of an intermediate span of the slab the maximum positive 
moment is 

D.L. = I X I X 100 X (3.0)2 
L.L. = I X 4035 X 3.0/4 
I. = 0.39 X 2420 

or 3440 X 12 = 41,280 in.-lb. per ft. of width. 

The maximum negative moment is 

D.L. = I X i X 100 X (3.0)2 
L.L. == I X 4035 X 3.0/4 
I. = 0.39 X 2018 


or 2895 X 12 = 34,740 in.-lb. per ft. of width. 

Proceeding in the same manner, the maximum positive and negative moments 
for an end span are found to be 41,280 and 21,260 in.-lb.. respectively, per foot 
of width. 

Depth and Reinforcement of Slab .—For any strip of reinforced concrete slab 
h inches wide and d inches deep to centre of steel, the safe bending moment based 
on a permissible flexural compressive stress, Pc, in the concrete is 

M = \ pckjhd^ = Rhd^ (5) 

where k *= ratio of depth to neutral axis to depth d\ 

j = ratio of lever arm of resisting couple to depth d. 

Utilizing a concrete with a crushing strength of 2500 lb. per sq. in. at an age 


= 75 ft.-lb. 

= 2420 ft.-lb. 
= 945 ft.-lb. 
3440 ft.-lb. 


= 90 ft.-lb. 

= 2018 ft.-lb. 
= 787 ft.-lb. 
2895 ft.-lb. 
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of 28 days, Pe ~ 0.4 X 2500 = 1000 lb. per sq. in. With a permissible tensile 
stress in the reinforcing steel of pt = 20,000 lb. per sq. in. and a modular ratio 
of n = 12, = 164 and the depth of the structural slab to the centre of the 

steel required to resist a maximum moment of M on a 12-in. strip must be at 
least 

d = (M/12 R)^ = (41,280/1968)^ = 4.58 in. 


Adding 1J in. for the distance between centre of steel and bottom of slab, the 
total thickness required is 5.71 in. The slab will be made 6 in. thick and will 
be crowned by varying the height of the stringers from curb to crown, the top of 
the stringer at the centre of the roadway being placed 1 in. above the top of the 
floor beam. 

The area of reinforcement per foot of width of slab is 


A, = 


M 

Vtjd 


( 6 ) 


The value of j for the conditions assumed is 0.875 and for the adopted thickness 
of slab, d = 6.00 - 1.13 = 4.87 in. 

Hence 

At = 41,280/20,000 X 0.875 X 4.87 = 0.49 sq. in. 


This will be supplied in the form of .J-in. diameter plain rods. At the bottom 
of the slab straight rods will be run from curb to curb at 9-in. centres, as indicated 
in Fig. 112(c). Alternating with these there are continuous bent rods at 9-in. 
centres arched up over the stringers. In addition, at the top of the slab, con¬ 
tinuous straight rods at 9-in. centres run from curb to curb. This arrangement 
of steel gives a positive reinforcement at the middle of a 3-ft. span of the slab 
amounting to 0.1963 X 12/4.5 = 0.52 sq. in. per ft. of width, and the same 
amount for the somewhat smaller negative moment over the stringers. 

Longitudinal 2 -in. diameter rodKS at about 3-ft. centres will be inserted to 
provide for shrinkage and temperature stresses. 

Curbs .—Conforming to Art. 154(2), the curbs will be made 9 in. high and 
7 in. wide. The reinforcement rods J-iu. diameter at 9-in. centres will be bent 
up into the curb near its face to serve as reinforcement for the prescribed 
horizontal force. 

167. Interior Stringers.—Assuming a stringer to weigh 32 lb. per lin. ft., 
the dead load carried by an interior stringer is 3.0 (150 X A) + 32 = 332 lb. 
per lin. ft. 

There being two traffic lanes, Eq. (3) of Art. 154(10) applies. Since the 
stringer spacing is 3 ft., /, the fraction of any applicable wheel load borne by an 
interior stringer is 3.0/4.5 = 0.667. 

By reason of the relatively short floor panels, the condition for absolute 
maximum moment in a stringer requires the placing of one of the rear wheels 
of the truck of Fig. 111(a) at the centre of a stringer. The design load is, there¬ 
fore, a single central concentrated load of 0.667 X 12,000 == 8000 lb. 
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The critical loading for moment in a stringer will occur with the movement 
of the rear axle of the truck from end to midnspan of the stringers. The front 
axle being off the stringers before the rear axle comes on, evidently the appropri¬ 
ate loaded distance ^ is 6 ft. The impact fraction from Eq. (1) is therefore 
50/(125 + 6) == 0.38. 

Section for Moment .—The total maximum moment in an interior stringer, 
assuming simple support, is then 

D.L. = I X 332 X (12)2 = 5 980 ft.-lb. 

L.L. = I X 8000 X 12 = 24,000 ft.-lb. 

I. = 0.38 X 24,000 = 9,120 f t.-lb. 

39,100 ft.-lb. 

or 39,100 + 12 = 469,200 in.-lb. 

Required section modulus is 

S = M/pf = 469,200/18,000 = 26.1 in.* 

Use a 10-in., 30-lb. I, for which S = 26.7 in.* While a lighter 10-in. section 
could be selected to give the required section modulus, the web would be less 
than 3 ^ in.—the minimum thickness allowed by the specification. 

Section for Shear .—The dead-load end shear is i X 12 X 332 = 1990 lb. 
The maximum live-load stringer reaction and shear occur when a 12,000-lb. 
wheel of a truck is as close as possible to the end of the stringer without being 

on a floor beam. No lateral distribution of this load being permitted. Art. 

154(10), the live-load end shear is very nearly 12,000 lb. As the maximum end 
shear in a stringer is produced in the same w'ay as if the rear axle were leading 
and no other load had passed over the stringer, the impact fraction is 50/(125+0) 
= 0.40, and the impact shear is 0.40 X 12,000 = 4800 lb. The total shear is 
consequently 18,790 lb. It is obvious from casual inspection that the web 
area is ample for both shear and web buckling stresses. 

168. Outside Stringers.—The dead load carried by an outside stringer per 
lineal foot is 


Slab and surfacing, 2.08 X A X 150 

= 208 lb. 

Q V 7 

Curb,-X 150 

144 

= 661b. 

Stringer, 

= 301b. 


3041b. 


It is possible that a rear wheel of a moving truck may strike the curb, and, 
witli 15-in. tires, the centre of such wheel would then, allowing for the batter 
of the curb, be only 8 in. from the centre of the outside stringer. According 
to Art. 154Q0) (6), the critical loading for moment on this stringer will conse¬ 
quently be 12,000 X 28/36 = 9333 lb. 

There is small probability that the full impact allowance would arise when the 
truck is tight against the curb. For this condition the impact fraction will be 
taken as 0.20. 
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The maximum moment is then 


D.L. = J X 304 X (12)* 
L.L. = J X 9333 X 12 
1. = 0.20 X 28,000 


= 5,470 ft.-lb. 
= 28,000 ft.-lb. 
= 5,600 ft.-lb. 
39,070 ft.-lb. 


A section modulus of 26.0 is required and a 10-in., 30-lb. I furnishes 26.7 in.®, 
which is adequate. 

169. Intermediate Floor Beams.—The span is the distance centre to centre 
of trusses. Art. 154(4), that is 20.67 ft. 

The dead load consists of (1) the weight of the floor beam itself, which may 
be assumed at 87 lb. per lin. ft. or in all 20.67 X 87 = 1800 lb., uniformly dis¬ 
tributed; and (2) the weight of that part of the stringers, floor slab and curb 
supported by one floor beam. 



Fig. 113.—Intermediate Floor-beam Loadings. 


Load (2), which may be regarded as uniformly distributed over a central 18-ft. 
length of the floor beam, as shown in Fig. 113(a), consists of one panel of floor 
and curbs that is 12 ft. In amount it is as follows: 


7 stringers at 30 lb per ft. = 7 X 30 X 12 

= 2,520 1b. 

14 web connections to floor beams at 13 Ib. 

= 182 lb. 

Slab and surfacing, 19.17 X A X 150 X 12 

= 23,000 lb. 

2 curbs, 2 X ^ ^ ^ X 150 X 12 
. 144 

= 1,575 1b. 

Filling over floor beam, X 150 X 18 

144 

83 lb. 

Total 

= 27,360 lb. 
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Section for Moment —In view of the fact that the maximum live-load and 
impact moment will occur at a point p, 0.50 ft. from mid-span (see text below), 
the dead-load moment to be considered is that existing at p. The total dead load 
on the floor beam is as indicated in Fig. 113(a), and the moment at p is, therefore, 

( Q OQ \ 

1800 X X 4.91 j 

-(27,360 X — X 4.25 ) = 84,100 ft.-lb. 
\ 18.0 / 

The live load will produce the most serious moment in a floor beam when two 
trucks are on the span with the rear axle of each directly over the floor beam. 
As the wheel base. Fig. 111(a), is 14 ft., and the stringer span is only 12 ft. for 
this bridge, there is no part of the front axle load coming to the floor beam over 
which the rear axles arc placed. Each truck, therefore, imposes on the floor 
beam two maximum concentrations of 12,000 lb. each, 6 ft. apart. 

The lateral position of the loading on the bridge to give maximum moment 
in a floor beam must be such as to satisfy the equation Cp = Cg. If, as is physi¬ 
cally possible, the two trucks are separated by a distance of only 2 ft. between 
centres of near wheels, then the critical lateral position of the loading is as shown 
in Fig. 113(5). The resultant maximimi moment occurs at p, under the con¬ 
centration, which is 0.5 ft. from mid-span. It is 


4 X 12,000 X (9.83)^ 
20.67 


(12,000 X 6) = 152,390 ft.-lb. 


In order that the maximum concentration of live load may be brought about, 
the two trucks must each have advanced 14 -f 12 = 26 ft. from the end of the 
bridge. The impact fraction is, therefore, 50/(125 + 26) = 0.33. 

Assembling the moments, we have 

D.L. 84,000 ft.-lb. 

L.L. 152,390 ft.-lb. 

I. = 0.33 X 152,390 = 50,790 ft.-lb. 

287,180 ft.-lb. 

or 287,180 X 12 = 3,446,200 in.-lb. 

Required section modulus = 3,446,200/18,000 = 191.5 in.^ 

Use a 24-in., 87-lb. W.F., for which S = 204.3 in.® 

Section for Shear .—The maximum floor beam reaction occurs when two 
trucks, moving in either the same or in opposite directions, close together trans¬ 
versely, are as close as possible to one side of the bridge and each has its rear axle 
over the floor beam under consideration. 

Fig. 118(c) shows the disposition. With 15-in. tires on the rear wheels, and 
with the side of the tires tight against the curb, it is possible to place the central 
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plane of the wheels on the side of the truck nearest the curb only 2.0 ft. from the 
central plane of the near truss. 

At each of four points a rear wheel applies a load of 12,000 lb. to the floor 
beam considered. No load is transferred from the front axles, since the wheel 
base of the trucks is greater than the panel length. The maximum live-load 
end reaction and shear is, therefore, 


_ 12,000(4.67 + 10.67 + 12.67 + 18.67) 
20.67 


27,100 lb. 


The impact fraction being the same as for moment, the total maximum shear 


is then 

D.L. (Fig. 113(a)). 14,5801b. 

L.L. 27,100 lb. 

1.0.33 X 27,100 = 9,0301b. 


50,710 lb. 


The required area for shear being only 50,710/12,000 = 4.23 sq. in. and the 
area of the web of the 24-in. 87-lb. W.F. floor beam being dt = 24.16 X 0.48 
= 11.60 sq. in., the section is ample. 

160. End Floor Beams.—The dead load consists of (1) the weight of the 
floor beam itself, which will be assumed as a 24-in., 74 lb. W.F., amounting to 
20.67 X 74 = 1530 lb., uniformly distributed; and (2) the weight of the stringers 
in half a floor panel, the weight of the stringer end connections, of the brackets 
extending about 9 in. towards the ballast wall from the web of the floor beam, 
of a 6.75-ft. length of floor slab, with curbs, parallel to the bridge axis, of the end 
retaining angle for the slab, of one-half of the expansion plate and the filling 
over the floor beam and brackets. The nature of these details may be seen 
from Fig. 112(d). 

The amount of the dead load applied to this floor beam by the floor is as 
follows: 


7 stringers, 6 ft. at 30 lb. = 7 X 6 X 30 = 1,260 lb. 

7 web connections to floor beam, say = 90 lb. 

7 brackets at 50 lb. = 350 lb. 

6.75 ft. of floor slab, 8 in. thick = 6.75 -f- 19.17 X 

X 150 = 12,940 lb. 

6.75 ft. of curbs = 2 X 6.75 X x 150 = 890 lb. 

144 

End angle and \ expansion plate = 320 lb. 

Concrete filling over floor beam and brackets = 200 lb. 


16,050 lb. 


The disposition and magnitude of the dead load are indicated in Fig. 114. 
Section for Moment —The dead-load moment at the critical point P, 0.5 ft. 
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from mid-span, which is the point at which the maximum live-load moment 
occurs, is 

(8790 X 9.83) - ^1530 X X 4.91^ - ^16,0.50 X ^ X 4.25^ 

= 50,600 ft-lb. 

The live-load moment is, of course, the same as for an intermediate floor 
beam. 

For the maximum concentration of live load to occur, the two trucks need to 
advance only 14 ft. on the bridge. Hence, the impact fraction is 50/(125 -f 14) 
=0.36. 

Collecting moments, we have 

D.L. = 50,600 ft.-lb. 

L.L. (Art. 159) = 152,390 ft.-lb. 

I. = 0.36 X 152,390 = 54,800 ft.-lb. 


= 257,790 X 12 = 3,091,000 in.-lb. 


257,790 ft.-lb. 


Required section modulus = 3,091,000/18,000 = 171.7 in.® 



Fia. 114.—End Floor-Beam Dead Load. 


A 24-in., 74-lb. W.F., for which S = 170.4 in.®, is sufficiently close. 

Section for Shear .—The dead-load end shear is apparent from Fig. 114, and 
the maximum live-load end shear is the same as for an intermediate floor beam. 
The impact fraction is, however, the same as exists for maximum moment in an 
end floor beam, that is 0.36. Consequently, the maximum end shear is 

D.L. (Fig. 114) = 8,790 lb. 

L.L. (Art. 159) = 27,100 lb. 

1. = 0.36 X 27,100 = 9,760 lb. 

45,650 lb. 

It is evident, by inspection, that the web section is adequate. 

Sufficiericy for Jacking Up Span .—As required by Art. L54(21) an end floor 
beam shall be sufficiently strong to ixjrmit the end of the span to be jacked up 
by applying the jacks to the beam. 
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From Art. 161, the total dead load of the span is estimated at 2880 lb. per 
lin. ft. Hence the weight of the half span is 30 X 2880 = 86,400 lb., and the 
load applied by each of two jacks would be | = 86,400 = 43,200 lb. 

The jacks would be applied near the ends of the beams so as to minimize 
the moment. Even if they were applied at the quarter-points, and all the dead 
load were applied at the two ends of the beam, the total moment would be 
only 43,200 X 20.67/4 = 223,000 ft.-lb. This is less than the total maximum 
moment for w^hich the beam has already been designed. 

The maximum shear due to jacking is less than that due to dead load, live 
load and impact. 

161. Dead-Load Stresses in Trusses. —From the determination of the 
dead load borne by an intermediate floor beam. Art. 159, the combined weight 
of the floor slab, surfacing and curbs is seen to be (23,000 + 1575)/12 = 2050 lb. 
per lin. ft. For the structure under consideration, the steel may be assumed to 
weigh w = 5.51 + 500 lb. per lin. ft., where I = span length in feet. The esti¬ 
mated dead load borne by the trusses is, therefore, as follows: 

Slab, surfacing and curbs. 2050 lb. per lin. ft. 

Steel = (5.5 X 60) -|- 500. 830 li). per lin. ft. 

Total. 2880 lb. per lin. ft. 

The panel dead load per truss = | X 2880 X 12 = 17,280 lb., all of which 
will be assumed as applied at the bottom chord panel points. 

Dead-load reaction of one truss, omitting the half panel load at each support, 
which does not affect truss stresses, = 2 X 17,280 = 34,560 lb. 

Length of truss diagonal = (6'*^ + 7^)^ = 9.2195 ft. 

Secant of angle of slope of diagonal with vertical = sec 0 = 9.2195/7 = 
1.317. 

The stresses in the web members are found by multiplying the shear in the 
panel in which the member lies by sec 6, affixing the appropriate sign. Stn^sses 
in the chord members are found by dividing the moment at the opposite panel 
point by the depth of the truss. 

The dead-load stresses are as given in Tables 16 and 17 below and as 
indicated on the stress sheet. Fig. 112. 

162. Live-Load Stresses in Trusses. —More serious live-load effects are 
produced in the trusses when two trucks travel abreast than when one follows 
another in same lane at the spacing indicat'd in Fig. 111(5). Consequently, 
place a truck with the centre of a rear wheel 8 in. from the curb with another 
truck abreast of, and as close as possible to, the first, and facing in the same 
direction, as shown in Fig. 115. The transverse position of the truck wheels on 
the span will be the same as was found necessary for the maximum end shear in 
an intermediate floor beam. Art. 159, Fig. 113(c). 

It is convenient, in shear and moment calculations, to consider a truss as 
subjected to two concentrated loads, applied at points along the truss corre¬ 
sponding to the longitudinal position of, and equivalent to, the actual wheel 
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TABLE 16 

DeaD'Load Shears and Web Member Stresses 


-f == tension — = compression 


Panel 

D. L. Shear, F, Lb. 

Member 

Stress in Member 
= 1.317 F, Lb. 

LoZ/2 

34,560 - 0 = 34,560 

LoUi 

-45,500 



UiL^ 

+45,500 

LtLt 

34,560 - 17,280 = 17,280 


-22,750 



UsL, 

-I-22,750 

uu 

34,560 - 2 X 17,280 = 0 

L,lh 

0 



UJ., 

0 


loads of the two trucks travelling abreast of each other. The equivalent load P 
at any point p on the near truss due the rear wheels of the two trucks is, as 
already found in Art. 159, 27,100 lb., and the corresponding load at q due to the 
front wheels is one-quarter of this, or Q 
= 6775 lb. These loads move across y 
the span at a fixed distance of 14 ft. i 
apart. j 

Shears and moments being generally 8 

found for the left half of a truss rather J 

than the right, it is convenient to move 

the loading from right to left with the ^ 

heavy load P leading. For impact cal- 

culations, however, the loads will be ^ 

. . . ^ 
considered as having reached their posi- *)» 

tion by moving from left to right with } 

the light load Q leading. 

Shears and Web Member Stresses from 
Concentrated Loading .—The maximum 
positive shear in a panel will occur when 
the heavy equivalent load P is over the 
panel point immediately to the right of 

the panel under consideration, and the 1<- 140' -J 

light equivalent load Q is to the right Fig. 115.—Equivalent Truss Loading, 
of the heavily loaded one. The theo¬ 
retical soundness of this assertion may be demonstrated by applying the criterion 
for maximum shear in any panel of a truss having equal panels, that is Eq. (9), 
Art. 141, 



n 



(7) 




248 


ELEMENTARY STRUCTURAL PROBLEMS 


TABLE 17 

Dead-Load Moments and Chord Member Stresses 
+ = tension — = compression 


Panel 

Point 

D. L. Moment, M, Ft.-Lb. 

Member 

Stress in Member 
= M/7.0, Lb. 

t/. 

34,560 X 6 = 207,360 

LqLz 

4-29,620 

Lz 

34,560 X 12 = 414,720 

Uxlh 

-59,260 

u. 

34,560 X 18 - 17,280 X 6 = 518,400 

L 2 L 4 

4-74,060 

Lt 

34,560 X 24 - 17,280 X 12 = 622,080 

VdJ, 

-88,870 

Ih 

34,560 X 30 - 17,280 (18 + 6 ) = 622,080 

L^Lb 

4-88,870 


The shears in the successive panels due to the two trucks and the web 
member stresses resulting therefrom are as given in Table 18. 


TABLE 18 

Maximum Live-Load Shears and Web Member Stresses Due to Two Trucks 

Abreast 


+ == tension — — compression 


Panel 

Maximum Concentrated L. L. 
Shear, F, Lb. 

Member 

Stress in Member 
= 1.317 F, Lb. 

L0L2 

27,100 X i -1- 6775 X = 25,520 

LoU, 

-33,600 


27,100 X ^ + 6775 X ^ = 18,740 

IhLz 

4-33,600 

L 2 L 4 

L,U, 

-24,700 



UzL, 

+24,700 

L 4 L 6 

27,100 X f + 6775 X sS = 11,970 

L,U, 

-15,760 



UzU 

+ 15,760 

LeLg 

27,100 X i = 5,420 

UU, 

- 7,140 



IhU 

+ 7,140 


Moments and Chord Stresses from Concentrated Loading .—For maximum 
moments at the loaded chord panel points of a truss with equal panels, the 
criterion that must be satisfied is, Eq. (2), Art. 141, 


m n 


( 8 ) 


For maximum moments at the unloaded chord panel points U\, Uz and {/,, 
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the applicable criterion, as applied to a Warren truss made up of isosceles tri¬ 
angles, is, Eq. (3), Art. 141, 


G\-\- __ G 

h ” I 


(9) 


Application of Eq. ( 8 ) shows that a maximum moment may be obtained at 
panel point L 2 by placing either the load P at L 2 with the load Q on the long 
segment of the span, or load Q at L 2 and load P on the long segment. 

In making the test for maximum under the first placement, move the load P 
over the panel point L 2 from right to left with load Q following. Gi/m, from 
Eq. ( 8 ), then changes gradually from zero to 27,100/1 = 27,100. Meanwhile, 
G/n has continued to be 33,875/5 = 6775. At some stage of the movement 
these two fractions were evidently equal, and a maximum moment was attained. 

The equality recjuired by Eq. ( 8 ) may be satisfied also by the second place¬ 
ment, but obviously the maximum effect will be obtained with the first one. 

The left-hand reaction for this position of the equivalent loads is, taking 
moments about the right-hand support, 




27,100 X 48 + 6775 X 34 
60 


25,520 lb. 


Hence the moment at L 2 is 25,520 X 12 = 306,200 ft.-lb. 

By applying Eq. ( 8 ) the maximum moment at L 4 is found to occur when the 
load P is at L 4 and the load Q is 14 ft. to the right of L 4 . The left-hand reaction is 


and the moment at Li is 18,740 X 24 = 449,800 ft.-lb. 

Next, consider the maximum moments at the upper chord panel points. 

For the maximum moment at C/i, try the equivalent load P at L 2 with 
the load Q 14 ft. to the right of L 2 . Apply Eq. (9) above. Gi, being the load 
to the left of the floor panel opposite which the moment centre U 1 lies, is zero. 
G 2 changes gradually from zero to 27,100 lb. G, which is the total load on the 
truss, = 33,875 lb., and = 6 ft. Hence, when the load P moves to the left 
over the point L 2 , (Gi + 5 G 2 )/li changes gradually from zero to 5 X 27,100/6 
= 2258. Throughout this movement G/l = 33,875/60 == 565. At one stage 
of the motion, therefore, the criterion of Eq. (9) must have been satisfied and a 
maximum moment produced. 

The left-hand reaction for this position of the concentrated loads has 
already been found above to be 25,520 lb. Hence the moment at Gi is 25,520 
X 6 = 153,100 ft.-lb. 

If the load P is placed initially wholly in the panel L 0 I/ 2 , further movement 
to the left does not create a proper condition for a maximum moment at Gi. 
Neither will this load wholly in the panel L 2 L 4 satisfy Eq. (9) above. Reversal 
of the position of the loads would obviously not be so serious for the truss. 
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Next, consider the conditions for maximum moment at U s. For this point 
h = 18 ft. Move the 27,1004b. load over L 4 to the left, with the 67754b. load 
following. (Gi + \ G^/h changes gradually from zero to 753, while G/l retains 
its value of 565. This gives the maximum. 

For this position of the loading, the left-hand reaction, as has already been 
found, is' 18,770 lb. The moment at t /3 is, then 18,740 X 18 = 337,300 ft.4b. 

For the maximum moment at Ub, try the 27,100-lb. load P at L# with the 
6775-lb. load Q to the right of P. Application of Eq. (9) shows no maximum 
to exist. 

If, however, the load is backed still further across the span till the 27,100-lb. 
load is at L 4 and the 6775-lb. load is to the right, on the long segment, Eq. ( 9 ) 
is also satisfied, and a maximum exists. For this, the left-hand reaction is, as 
has already been found, 18,740 lb. The moment at is 18,740 X 30 ~ 27,100 
X 6 = 399,600 ft.-lb. 

The stresses in the chord members due to the live load arc indicated in 
Table 19. These are found l^y dividing the moments at the opposite panel points 
ascertained above by the depth of the truss, that is, 7 ft. 

TABLE 19 

Maximum Live-Load Moments and Chord Member Stresses Due to Two 

Trucks Abreast 


-f = tension — = compression 


Panel 

Point 

Maximum L. L. Moment* My 
Ft,-Lb. 

Member 

Stress in Member 
= M 7.0, Lb. 

f/, 

153,100 

LqLz 

+21,860 

Z /2 

306,200 

UrU, 

-43,710 

t /3 

337,300 

L 2 L 4 

+48,290 

u 

449,800 

Udh 

-64,290 

u, 

399,600 

uu 

+57,210 


163. Impact Allowances.—Impact allowances representing fractions of 
the live-load stress as determined by Eq. ( 1 ) of Art. 154(8) are added to the dead- 
and live-load stress to form the total stresses indicated in Fig. 112 (a). The 
loaded distance S is the minimum distance that the loading has to travel in a 
forward direction to arrive in ])osition to produce the maximum live-load stress. 
The values of this distance and of the resulting impact fraction are indicated for 
the various members of the truss in Table 20. The load Q is in every case to the 
right of the load P. 

Members subjected to a live-load stress of either tension or compression are 
proportioned for a further increment, in accordance with Art. 154(13). 

164. Proportioning of Truss Members.—Truss members will be propor¬ 
tioned to withstand the aggregate computed stresses indicated in Fig. 112 at the 
permissible stresses set forth in the specification. Art. 154(15). 
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TABLE 20 

Minimum Values of Loaded Distance S to Be Used in Impact Formula and 
Corresponding Values of the Impact Fraction 


Member 

Minimum <8, Ft. 

Load P at 
Panel Point 

Impact Fraction, I/L 

UUu u,u 

26 

u 

0.33 

L2U 3, u 3L4 

38 

u 

0.31 

LAJif f/sLc 

50 

u 

0.29 

LeUy, U7U 

62 

u 

0.27 

Z/0L2, UlU3 

26 

Z/2 

0.33 

L2L4, UzUs 

38 

u 

0.31 

LJLe 

38 

Li 

0.31 


It is assumed that, both in proportioning and detailing, the requirements of 
Art. 154(14) respecting secondary stresses will be so observed that the computa¬ 
tion of such stresses will be unnecessary. Sections will be selected so that the 
depth of a diagonal in the plane of the truss will not exceed 110.6/10 = 11.1 in., 
and the depths of top and bottom chord sections will not exceed 72/10 = 7.2 
and 144/10 = 14.4 in., respectively. 

End Postf LoUi.—The total stress in the end post, made up as shown in Fig. 
112(a), is 90,200 lb. compression. 

Assume as section two angles 5 X 3 X f in., lOj in. back to back, and a 
cover plate 10 X ifV in., having a total area of 8.85 sq. in., and arranged as shown 
in Fig. 116. Main material as thin as in. thick might be used, according to 
Art. 154(5), but the requirement 
of Art. 154(19) that the thickness 
of the outstanding legs of angles 
in main compression members 
shall not be less than of the 
unsupported length (from the be¬ 
ginning of the fillet) necessitates 
I-in. material. A plate as wide 
as 10 in. is chosen to give a radius 
of gyration about the vertical axis 
at least twice that about a hori¬ 
zontal axis, thus satisfying Art. 

154(20). 

The distance between rivet 
lines in the cover plate is 7.0/0.3125 = 22.4 times the thickness of the plate, 
which is well within the upper limit of 40 set by Art. 154(19) for full effective¬ 
ness as a component of the section. 

By taking area moments about the gravity axis A-A of the angles, which is 


4-^ 




^ -/a 5"- 

I.75Y -7"--*|/.75'j«-| 






C. G. of Angles 




-#--X 


u 

-J t Y 2L^, 5"xy4“ 

0.70" lpl.,IO''xS 

Fig. 116. Section of End Post, LqU\, 
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1.70 in. from the back of the shorter legs, the distance e of the neutral axis X-X 
of the section from the axis A-A is found to be 0.66 in. 

The moment of inertia of the whole section about its horizontal neutral 
axis X-X is 

Ae^ 

in which I a is the moment of inertia of the whole section about the horizontal 
gravity axis of the angles, A is the area of the whole section and e is as already 
defined. If the moment of inertia of the cover plate about its own gravity axis 
parallel to A-A be neglected (it is relatively a very small quantity), then 

Ia=^ (2 X 7.37) + (10 X 0.3125 X (1.86)2) = 25.54 in.^ 

and 

h = 25.54 - 8.85 X (0.66)2 = 21.68 in.^ 

Radius of gyration about the axis X-X is = (21.68/8.8.5)^ = 1.56 in. 
According to Art. 154(18), the minimum allowable radius of gyration of the 
end post, for which h = 72 in., is 

a XI'0.0 +72 _ 

350 


The radius of gyration for the assumed section is therefore adequate. 

About the axis Y-Y the moment of inertia ly is found to be 148.52 in.^, and 
the radius of gyration Vy is found to be 4.09 in. 

The maximum slenderness ratio, Z/r, hence occurs in the plane of the truss, 
and since the length of the end post, centre to centre, is 9.2195 ft. or 110.6 in., 
it amounts to 110.6/1.56 = 71. * 

Applying the column formula of Art. 154(15), the permissible compressive 
stress is Pc = 17,000 — 60 X 71 = 12,740 lb. per sq. in. 

Area required = 90,200/12,740 = 7.07 sq. in. The provided area, 8.85 
sq. in., is ample. A smaller section, such, for example, as using two 4 X 3 X A- 
in. angles and a 10 X /e-in. cover plate will not do. 

Top Chord, UiU-zUs ,—The total stress is 117,390 lb. 

Assume the same section as for the end post with r* = 1.56 in. and 
Ty = 4.09 in. 

According to Art. 154(18), the radius of gyration might be as small as 


r 


(2 X 72) -f 72 
350 


0.62 in. 


As the chord is supported in the plane of the truss at points 6 ft. apart, the 
slenderness ratio in this plane is 72/1.56 = 46. 

In a plane at right angles to the plane of the truss, adequate support is 
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afforded only at points where the rigid verticals are attached to the chord, that 
is at 1 / 2 , C/ 4 , C/e and C/g, Fig. 112. At C/g, C/j and C /7 the support is negligible. 
Hence, l/r at right angles to the plane of the truss is 144/4.09 = 35. 

Permissible compressive stress = Pc = 17,000 — 60 X 46 = 14,240, with a 
maximum of 14,000 lb. per sq. in. 

Area required = 117,390/14,000 = 8.39 sq. in. The provided area, 8.85 
sq. in., is ample. 

Top Chord, UiUiUi- —The total stress is 173,060 lb. Assuming for section 
two angles 6 X 4 X ^ in. and one plate 10 X in., the area is 12.63 sq. in. and 
Tx is 1.90 in. The determining l/r is 72/1.90 = 38, and hence the permissible 
compressive stress Pc = 17,000 — 60 X 38 = 14,720, with a maximum of 
14,000 lb. per sq. in. 

Area required = 173,060/14,000 = 12.36 sq. in., which is within the area 
provided. 

Bottom Chord, L 0 L 2 . —The total tension is 58,700 lb. and the required net area 
is 58,700/18,000 = 3.26 sq. in. 

Assume two 4 X 3 X f-in. angles, arranged trough-like as shown in Fig. 
112(a), with the 4-in. legs vertical and with battens or tie plates on the 3-in. 
legs. Allowing, at the end connections, for one line of rivets in each leg, on 
standard gauges, the distance between these rivet lines, if the angle were devel¬ 
oped, would be 3 J in. If the pitch of rivets at the ends were 3 in. in each leg— 
a reasonable value—then, for the l|-in. stagger, the diagonal distance between 
rivets would be 4.15 in. Since this is less than 40% in excess of the distance 
between gauge lines, two rivet holes will need to be deducted from each angle to 
satisfy the specification. Art. 154(16). The net area of the section assumed is, 
therefore, 4.96 — 4 X 0.875 X 0.375 = 3.65 sq. in. According to Art. 154(17) this 
net area is fully effective and the section is consequently adequate. Art. 154(18) 
is satisfied, in that the minimum radius of gyration of the gross section is much 
more than the length of the member divided by 250. 

Bottom Chord, L 2 L 4 .—^The maximum tension is 137,310 lb. Area required 
= 137,310/18,000 = 7.63 sq. in. Use two angles, 6 X 3| X | in., having a 
gross area of 9.00 sq. in., and, deducting two holes, a net area of 8.12 sq. in. The 
rivet spacing near the edges of the gussets may be arranged so as to make the 
deduction of only two holes necessary. 

Bottom Chord, L 4 L 5 .—Total tension 163,830 lb. Required area = 163,830/ 
18,000 = 9.10 sq. in. Use two angles, 6 X 4 X in., having a gross area of 
10.62 sq. in., and, deducting two holes, a net area of 9.63 sq. in. 

Diagonal UiL 2 .—^Total tension = 90,200 lb. Material provided as shown in 
Fig. 112(a), two angles, 5 X 3 X in. On account of lug angles being used, 
four holes must be deducted. 

Diagonal L 2 C/ 8 .—^Examination of Table 18 shows that this member may have 
a maximum live-load compression of 24,700 lb., or a maximum live-load tension 
of 7140 lb. (C/tLs). 

According to the specification, Art. 154(13), this member, having a maximum 
static live-load stress of the same sign as the dead-load stress, and another one 



254 


ELEMENTARY STRUCTURAL PROBLEMS 


of opposite sign, must be proportioned for the more serious of the following two 


combinations: 

Combination (a) 

Dead load. — 22,750 

Live load. — 24,700 

Impact, -0.31 X 24,700. - 7,660 


Combination (h) 

0.70 of dead Ic^ad. — 15,930 

Live load. + 7,140 

Impact, +0.27 X 7140. + 1,930 


- 6,860 

To each of these must be added an increment of one-half of the smaller of 
the two combinations, giving 

Combination (a') — (55,110 + 6860/2) = — 58,540 

Combination ( 6 ') — (6860 + 6860/2) = — 10,290 

Obviously the member must be proportioned for combination (a'), that is 
58,540 lb., as indicated in Fig. 112(a). For this, two angles 5 X 3 X i in. will be 
required because of the limit on the thickness of outstanding legs of compression 
angles. 

Diagonal U 3 L 4 .—The maximum tension in this member is derived in the 
same manner as the maximum compression L 2 C/ 3 , and amounts to 58,540 lb. 
Two angles, 4 X 3j X ^ in. with four holes out (lug angles being used) will be 
sufficient. 

Diagonal L^Ui .—In this diagonal the dead-load stress is zero and the live-load 
stress, according to Table 18, may be —15,760 or +15,760 lb. Conse¬ 

quently, in applying the clause of the specification. Art. 154(13), respecting 
reversal of stress, combinations (a') and ( 6 ') give totals of the same magnitude 


but of opposite sign, thus: 

Combination (a) 

Dead load. 0 

Live load. - 15,760 

Impact, —0.29 X 15,760 . — 4,570 


Combination ( 6 ) ^ 

Dead load. 0 

Live load. + 15,760 

Impact, +0.29 X 15,760. + 4,570 

+ 20,330 

Combination (a') - (20,330 + 20,330/2) = - 30,495 

Combination (fe') + (20,330 + 20,330/2) = + 30,495 
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In proportioning the member, the compressive stress governs. Two angles 
3 X X in. will be sufficient, as indicated in Fig. 112(a). The radius of 
gyration exceeds the permissible minimum of 0.84 for compression diagonals. 

Verticals C/ 2 L 2 , C/4I/4, etc ,—^These members afford simultaneous support to 
the top chord both in a vertical and a horizontal plane, and also serve as places 
of attachment for the handrail. 

In resisting any tendency of the chord to move vertically, a vertical needs 
to exert only a small axial force of tension or compression, which by extension of 
the application of Art. 154(20), will be assumed as 2% of the maximum axial 
compression in the chord at the point in question. This force, for UiLi or Ue^e, 
would amount to ±0.02 X 173,060 = 3460 lb. 

The duty of preventing horizontal lateral movement of the chord is a more 
serious one for the vertical, since, according to Art. 154(20), it must be able to 
resist a lateral force at the chord not less than 2% of the maximum axial stress 
at that point. For U 4 L 4 or U^Lt tliis is 3460 lb. 

Consider that the critical section of the vertical is at a point 58 in. below 
the centre of gravity of the top chord, or about 4 in. above the top of the floor 
beam. Below this level the vertical is reinforced by the connection angles of the 
floor beam which are carried up along the inner face of the vertical, the top 
flange of the floor beam being cut away to permit this. The verticals U 4 L 4 and 
C/eLe will thus each have to resist a moment, normal to the plane of the truss, 
of 3460 X 58 = 200,700 in.-lb. 

Since at the i)oint of maximum moment, which is the section of maximum 
combined stress, the vertical is restrained from lateral buckling, the permissible 
compressive stnvss in flexure is 18,000 lb. per sq. in. of gross section, and the 
permissible tensile stress in flexure is 18,000 lb. per sq. in. of net section, the latter 
governs. 

In order to facilitate the connection of the floor beams to them, these verticals 
will be assumed as of two 4 X 3 X angles and a 10 X plate, 

arranged as shown in Fig. 112(a), for which the gross area is 7.31 sq. in., and the 
net area, deducting three |-in. holes, is 6.49 sq. in. The radius of gyration, 
normal to the plane of the truss, taking account of three rivet holes, is 3.89 in. 

The total net area required in a vertical UJja or UtLs to withstand 3460-lb. 
tension and a simultaneous moment of 200,700 in.-lb. is, therefore, 


+ A/ = 


3460 

18,000 


200,700 X 5.25 
(3.89)2 X 18,000 


4.06 sq. in. 


The provided net area, 6.49 sq. in., cannot be reduced. 

For simplicity, all verticals will be made of the same section. 

166. Bearings.—^The maximum load on an end bearing of a truss will 
arise when two trucks abreast, headed in the same direction, are as close to the 
near curb as possible, with their rear axles over the end floor beam. Utilizing 
the so-called equivalent loads, P == 27,100 lb., and Q = 6775 lb., of Art. 162 
and Fig. 115, the live-load concentration is readily found. Two and one- 
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half panels of dead load are borne by the bearing. The total reaction is, 


therefore, 

D.L. X 17,280. 43,200 lb. 

L.L. 27,100 X 6775 X 46/60. 32,290 lb. 

1.0.36 X 32,290. 11,6301b. 


87,120 lb. 

Area required in beaiing on the concrete abutments = 87,120/600 = 145.2 
sq. in. Bearing and bed plates are each made 14 X 15 in., as indicated in Fig. 
112, the 14-in. dimension being in the direction of the span of the bridge. Rea¬ 
sons of detail make plates of this size necessary. 

166. Handrail.—The handrail will be of the latticed type, made up as 
shown in Fig. 112(a). The top of the upper rail must not be less than 3.75 ft. 
above the level of the concrete floor adjacent to the curb (Art. 154(3)), and this 
rail must withstand a horizontal force of 150 lb. per lin. ft. and a vertical, but 
not simultaneous, force of 100 lb. per lin. ft. 

Assuming lateral support at intervals of 6 ft., the lateral bending moment 
on the upper rail is | X 150 X (6)^ X 12 = 8100 in.-lb. Section modulus 
required = 8100/18,000 = 0.45 in.^ Under the vertieal loading the required 
section modulus is 0.30 in.^ For a 3 X 2| X i-in. angle with the 3-in. leg hori¬ 
zontal, the section moduli provided in the vertical and horizontal planes are 
0.56 and 0.40 in.^ respectively. This is the minimum practicable section to 
accommodate the necessary details. 

The bottom rail is made of a single 2^ X 2^ X J-in. angle, the vertical 
straps are 2 X i in., and the diagonals are single 1^ X Ij X ^-in. angles in one 
direction and ij X i^-in. flats in the other. As required by Art. 154(3), the 
perpendicular distance between lattice members does not exceed 6 in. 






Part II 


TIMBER STRUCTURES 

CHAPTER XII 

TIMBER AND ITS CONNECTIONS 

167. Species and Grade.—To avoid unwieldy tables and the repetition of 
lengthy timber specifications, only the following four types of timber will be 
used, and each will be designated by the name in parentheses: 

(1) Eastern spruce, 1200f Structural Grade, graded by Northeastern Lum¬ 
ber Manufacturers^ Association, Inc., used for joists, planks and sheathing 
(spruce). 

(2) Eastern hemlock, Common Structural, graded by Northern Hemlock 
and Hardwood Manufacturers’ Association, used for joists and planks (hemlock). 

(3) Douglas fir. Coast Region, Paragraphs 215 and 219 Grade, West Coast 
Bureau of Lumber Grades and Inspection, used for beams, stringers, joists and 
planks (Douglas fir). 

(4) Red and white oak, 1450f Grade, graded by National Hardwood Lum¬ 
ber Association, used for beams, stringers, joists and planks (oak). 

168. Specifications for Design Stresses.—Only two of the many prevailing 
specifications for stresses to be used in the design of timber structures will be 
used in the problems that follow. One of these is included in the Canadian 
National Building Code, published in 1942 by the National Research Council 
of Canada and the National Housing Administration. It will be referred to as 
the “C.N.B.C. Spec.” The other, the National Design Specifications for Stress- 
Grade Lumber and Its Fastenings (1944), recommended by the National Lumber 
Manufacturers’ Association, will be referred to as the ‘^N.L.M.A. Spec.” 

It should be noted that the N.L.M.A. Spec, was introduced during wartime 
with the idea of conserving materials. It consequently recommends substan¬ 
tially higher design stresses than did most of the earlier specifications. Whether 
this specification will be acceptable to the authority having jurisdiction will 
depend upon that authority. 

For convenience in solving the problems a number of time-saving tables are 
presented. Table 21 gives certain useful properties of standard sizes of timber 
members. Table 22 indicates permissible design stresses for C.N.B.C. Struc¬ 
tural-Grade timber. Table 23 gives the corresponding stresses for N.L.M.A. 
Stress-Grade timber. 
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TABLE 21 

Properties op Standard Sizes of Timber Members 


All properties and weights given are for dressed sizes (S4S). 
Weights given are for timber weighing 40 lb. per cu. ft. 


Nominal 

Size, 

Inches 

Dressed 
Size, 
Inches 
b h 

Weight 
per Foot, 
Pounds 

Area, 

A = bh, 
Inches^ 

Section 

Modulus, 

= 6/iVb, 
Inches® 

Moment of 
Inertia 
/ = 6/iVl2, 
Inches'^ 

2X 4 

IS X 3f 

1.64 

5.89 

3.56 

6.45 

6 

5 | 

2.54 

9.14 

8.57 

24.1 

8 

7^ 

3.39 

12.19 

15.23 

57.1 

10 


4.29 

15.44 

24.44 

116 

12 

ni 

5.19 

18.69 

35.82 

206 

3X 4 

2|X 3| 

2.64 

9.52 

5.75 

10.4 

6 

5f 

4.10 

14.77 

13.84 

38.9 

8 

7^ 

5.47 

19.69 

24.61 

92.3 

10 


6.93 

24.94 

39.48 

188 

12 

in 

8.39 

30.19 

57.86 

. 

333 

4X4 

q5 V/ q5 

3.65 

13.14 

7.94 

14.4 

6 

5| 

5.66 

20.39 

19 12 

53.8 

8 


7.55 

27.19 

33.98 

127 

10 


9.57 

34.44 

54.53 

259 

12 

in 

11.6 

41.69 

79.90 

459 

6X 6 

5^ X 5^ 

8.4 

30.25 

27.73 

76.3 

8 


11.4 

41.25 

51.56 

193 

10 


14.5 

52.25 

82.73 

330 

12 

II 5 

17.5 1 

63.25 

121.23 

697 

8X8 

7ix n 

15.6 

56.25 

70.31 

264 

10 

95 

19.8 

71.25 

112.8 

536 

12 

115 

23.9 

86.25 

165.3 

951 

10 X 10 

9i X 95 

25.0 

90.25 

142.9 

679 

12 

115 

30.3 

109.3 

209.4 

1,204 

14 

13^ 

35.6 

128.3 

288.6 

1,948 

16 

15i 

40.9 

147.3 

380.4 

2,948 

12 X 12 

Hi X Hi 

36.7 

132.3 

253.5 

1,458 

16 


49.5 

178.3 

460.5 

3,569 

20 

19i 

62.3 

224.3 

728.8 

7,106 

24 

23i 

75.0 

270.3 

1058 

12,437 
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For loading conditions other than permanent loading, the specifications 
permit stresses higher than those tabulated. The appropriate increase per¬ 
mitted differs according to the duration of the loading and the specification used, 
as follows: 



Type of Loading 


Specification 

Permanent -(- Snow 

Permanent + Wind 

Permissible Stresses 
Affected 


Increase in Permissible Stress, 

Per Cent 


C.N.B.C. Spec.. . 


25 

w, Pc, P/, Pc, P«, q 

N.L.M.A. Spec... 

15 

50 

c, w, PS, p„ pu q 


169. Nailed and Spiked Joints.—Nails and spikes are ordinarily made from 
round mild steel wire by cold-forging the points and heads. They are driven by 
hammering, without prebored holes. Spikes differ from nails only in that for a 
given length the standard spike is larger in diameter than the standard nail. 

Shear ,—Allowable working loads in pounds for a single nail or spike in single 
shear are given in Table 24 for seasoned timber. The nail or spike is driven 
perpendicular to the grain of both members. At least two-thirds of the length 
of the nail or spike is assumed to have penetrated the wood member containing 
the point. The wood member next to the head should have a thickness at least 
seven times the diameter of the nail or spike. 

When the nail or spike is driven parallel to the grain of one member, the 
allowable load is reduced to 67% of that tabulated. When a nail or spike attaches 
a metal plate to a wood member, the allowable shear load may be increased to 
125% of that tabulated. 

Withdrawal .—Nails or spikes should never be loaded in withdrawal when 
driven parallel to the grain. Table 25 shows allowable withdrawal loads for 
nails or spikes driven perpendicular to the grain of seasoned timber used under 
ordinarily dry conditions. Values are in pounds per inch of penetration of the 
member containing the point. 

170. Lagscrew Joints.—Tables 26 and 27 apply to lagscrews with machined 
threads made from mild steel having a yield point of about 45,000 p.s.i. Lag- 
screws are driven with a wrench into prebored holes. The hole for the shank 
should have the same diameter as the shank and the same length as the un¬ 
threaded shank. The hole for the threaded portion should have a diameter 
40-70% of the shank diameter for spruce and hemlock, 60-75% for Douglas 





Design Stresses (Pounds per Square Inch) Permitted by C.N.B.C. Spec, for Structural-Grade Timber, 
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fir, and 65-85% for oak. The larger percentage in each range applies to lag- 
screws of the larger sizes. 

Shear ,—Allowable working loads in pounds for lagscrews in single shear are 
given in Table 26 for seasoned timber. The lagscrew is driven perpendicular 

TABLE 24 


Nails and Spikes Loaded in Single Shear 
Allowable Loads (Pounds) (N.L.M.A. Spec.) 


Length of nail, inches. 

3 

4 

5 

6 




Penny designation.... 

10 d 

20 d 

40 d 

60d 




Length of spike, inches 


3 

4 

5 

6 

7 

8 to 12 

Penny designation.... 


10 d 

20 d 

40 d 

60rf 



Diameter, inches. 

0.148 

0.192 

0.225 

0.263 

0.283 

0.312 

0.375 

Spruce or hemlock.... 

62 

91 

115 

146 

163 

188 

248 

Douglas fir. 

94 

139 

176 

223 

248 

288 

379 

Oak. 

116 

172 

218 

275 

307 

356 

468 


TABLE 2.5 

Nails and Spikes Loaded in Withdrawal 
Allowable Loads (Pounds per Inch of Penetration) (N.L.M.A. Spec.) 


Length of nail, inches.. . 
Penny designation. 

3 

10 rf 

4 

20 d 

5 

40d 

6 

60 d 




Length of spike, inches. 


3 

4 

5 

6 

7 

8 to 12 

Penny designation. 


10 d 

20 d 

40 d 

()0d 



Diameter, inches. 

0.148 

0.192 

0.225 

0.263 

0.283 

0.312 

0.375 

Spruce. 

19 

25 

30 

34 

37 

41 

49 

Hemlock. 

25 

32 

38 

44 

47 

52 

63 

Douglas fir. 

38 

49 

58 

67 

73 

80 

96 

Oak. 

80 

104 

122 

144 

155 

171 

205 
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TABLE 26 

Lagscbews Loaded in Single Shear 
Allowable Loads (Pounds) (N.L.M.A. Spec.) 


Diameter of lagserew, inches . 

] 

4 

A 

f 

h 

f 

i 

1 

Spruce or hemlock P 

112 

176 

253 

450 

703 

1012 

1800 

Q 

105 

144 

185 

279 

401 

536 

864 

Douglajs fir P 

142 

223 

321 

570 

891 

1282 

2280 

Q 

142 

198 

257 

388 

552 

731 

1186 

Oak P 

165 

258 

371 

660 

1031 

1485 

2640 

Q 

165 

235 

304 

462 

660 

876 

1399 


Note; 6 = angle between the direction of the grain in the member containing the 
point and the line of action of the load; 

P = allowable load ^!vhcn 0 = 0®; 

Q = allowable load when 0 = 90°; 

N = allowable load when 0 is between 0° and 90°; 

P sin*'^ 0 + Q cos*^ 0 


TABLE 27 

Lagscrews Loaded in Withdrawal 

Allowable Loads (Pounds per Inch or Penetration) (N.L.M.A. Spec.) 


Shank diameter, inches 

1 

TS 

3 

* 

1 

5 

8 

3 

4 

1 

Thread root chameter, inches 

0.173 




0.471 

0.579 


Spruce 

155 

183 

210 

261 

308 

353 

438 

Hemlock 

179 

212 

243 

302 

357 

409 

508 

Douglas fir 

232 

274 

314 

390 

461 

529 

656 

Oak. 

357 

421 

484 

600 

710 

814 

1010 

Load, pounds, to produce 
20,000-p.s.i. stress 

470 

809 

1100 

2160 

3480 

5270 

9560 
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TABLE 28 

Bolts Loaded in Double Shear 


Allowable Loads (Pounds) (N.L.M.A. Spec.) 


Thickness 
of Main 
Member, 
Inches 

Bolt 

Diameter, 

Inches 

Spruce and 
Hemlock 

Douglas Fir 

Oak 

■ 

Q 

B 

Q 

D 

Q 

If 

1 

2 

620 

240 

1000 

460 

1140 

660 


f 

780 

280 

1260 

500 

1460 

740 


3 

4 

940 

310 

1520 

560 


830 

2| 



400 

1250 

■1 

1440 

1060 


1 


440 

1850 

Hi 

2140 

1200 


f 


500 

2380 

910 

2740 

1330 

3f 

i 


550 

mm 

960 


1220 


i 


620 

■ SyM 

1140 

m 

■liUH 


i 



2810 

1260 

3240 



7 

? 



3620 

1390 




9 

8 



1970 

1360 

2270 

1670 


1 

4 

2220 

1040 


1810 

3260 

2340 


i 


1150 


2110 

4450 

2890 


1 

3860 

1260 



5780 

3320 

7| 

1 

4 

2220 

1210 

2830 

1760 


2110 


1 

3010 

1540 

3850 

2340 


2900 


1 

3950 

1720 

5030 

2920 


3710 


n 

5000 

1870 

6400 



4500 


Note: 6 — the angle between the direction of the grain in the main member t^nd 
the direction of the load; 

P = allowable load when 0 = 0°; 

Q = allowable load when 0 = 90°; 

N = allowable load when 0 is between 0° and 90°; 

PQ 

P sin^ 0 + 0 cos^ 0 

When the side members are steel plates, P is increased to 126% of the tabulated 
value, but Q is not increased. 
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to the grain of both wood members. For most sizes of lagscrews, the allowable 
load is greater when the member containing the point is loaded parallel to its 
grain. The member containing the point should be penetrated a length of at 
least nine times the shank diameter. The member next to the head bears only 
on the unthreaded shank, and should have a thickness at least three and one-half 
times the shank diameter. 

When the member next to the head is a steel plate, the allowable parallel- 
to-grain loading may be increased to 125% of the tabulated value, but no 
increase may be made in the perpendicular-to-grain loading. 

Withdrawal ,—^Table 27 shows allowable withdrawal loads in pounds per 
inch of penetration of the threaded portion of the lagscrew (less the tapered 
point) into the wooden member containing the point. The total load on the 
lagscrew must not produce a tensile stress in its thread root area greater than 
allowable. Loads to produce 20,000-p.s.i. tensile stress are listed. 

171. Bolted Joints in Double Shear.—^Table 28 applies to bolts made from 
mild steel with a yield point of about 45,000 p.s.i. and used in seasoned timber 



Fig. 117.—Throe-Member Bolt Connection. 


in ordinarily dry applications. Allowable loads are expressed for three member 
joints in which the two outer members act in the same direction and sense, and 
are loaded parallel to their grain. If the centre or main member is parallel to 
the others, it is loaded parallel to its grain. If the main member is perpen¬ 
dicular to the others, it is loaded perpendicular to its grain. 

Fig. 117 illustrates three member joints with the load acting (a) parallel to 
the grain in the main member and (6) perpendicular to the grain in the m ai n 
member. 

Table 28 applies to main members twice the thickness of each side member. 
If one or both side members are less than half the thickness of the main mem¬ 
ber, use the allowable load for a main member with twice the thickness of the 
thinner side member. 

172. Bolted Joints in Single Shear.—These should be avoided where pos¬ 
sible because they tend to produce secondary stresses (bending or twisting) in 
the wood members. Where their use is unavoidable, the allowable load may be 
taken as 50% of the value tabulated for double shear for a main member of 
twice the thickness of the thinner member considered in single shear. 
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173. Split-Ring Joints. —Split rings are formed from mild steel bars, with a 
tongue-and-groove break at one place in the ring to permit its diameter to 
change to suit variations in the wood grooves as cut and as due to subsequent 
shrinkage. The grooves are precut in each wood member to a depth one-half 
the ring width. The ring resists the shear load; the centre bolt is required to 
hold the wood members in contact. 

Fig. 118 illustrates a wood-to-wood connection using split rings and bolts. 

Extensive tests conducted at the Forest Products Laboratory at Madison, 
Wisconsin, have established the strength of split-ring connectors. By applying 
appropriate factors of safety, the allowable loads to be used in design have been 
deduced. The safe load which may be applied to a ring connecting two pieces 
of timber is dependent on the following factors: (1) the type of timber; (2) the 
angle of the load to the grain; (3) the thickness of the piece; (4) the edge dis- 



Fig. 118.—Arrangement of a Split-Ring Connection. 


tance; (5) the end distance; and (6) the spacing of rings in joints where multiple 
connector assemblies are used. 

In so far as connector safe loads are concerned, the species more usually used 
in structural work are classified by N.L.M.A. Spec, into four groups as follows: 

Group A B CD 

Species Oak, etc. Douglas fir, etc. Spruce, etc. Hemlock, etc. 

According to N.1..M A. Spec., the allowable permanent load on one 4-in. 
diameter split ring having standard end and edge distance and standard spacing 
from an adjacent connector is given by the expression 

4660 X Kg X Kt 
sin2 0 + 0.697 cos2^ 

where B = the angle between the direction of the load and the direction of the 
grain; 

Kg = & constant depending upon the group classification of the timber; 

Kt = a constant depending upon the thickness of the member. 

Values of Kg and Kt for the different conditions are given in Table 29. Values 
given by this formula for allowable loads on split rings are referred to as tabular 
ring values and are tabulated in convenient form in the *Teco Design Manual 
for Teco Timber Connector Construction” (1943). 
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When used with substandard spacing, end distance, or edge distance, the 
permitted load is lower. 

In every instance there is a distance or spacing which is required in order 
that the ring may be loaded to its full tabular value, and another distance or 
spacing which is the minimum permissible and for which the safe load on the 
ring is a certain fraction of the tabular value. For intermediate distances or 
spacings the safe load is determined by straight line interpolation. The standard 
and minima distances and the appropriate proportion of the tabular ring value 
for the various conditions, as stipulated in the Teco Design Manual, are shown 
in Fig. 119. 



Fio. 119.—Standard and Minima Spacing, End Distances, and Edge Distances for 4-in. 

Split Rings. 


TABLE 29 

Constants for Determining Allowable Loads on Split-Ring Connectors 

(see Art. 173) 


Group 

Classification 
of Timber 

K, 

Thickness of 
Member, 
Inches 

K, 

A 

1.00 

Rings in one 
face only 

1| or more 

1 minimum 

1.00 

0.667 

B 

0,858 

Rings opposite 
in both faces 

3 or more 

2f 

O 

1.00 

0.983 

0.807 

0.702 

C 

0.715 

D 

0.618 


If minimum 
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174, Shear-Plate Joints.—Shear plates produce connections somewhat 
weaker than split rings of corresponding dimensions, but have two important 
features which should be noted. First, the metal unit may be fitted in the 
fabrication shop into the grooves of both members of a wood-to-wood field 
joint, thus eliminating trouble with precut grooves warped at assembly. Second, 
shear plates may be used to make metal-to-wood joints much stronger than 
they are made when bolts alone are used in wood of the same dimensions. 

The 2f-in.-diameter shear plate is a mild steel pressing drilled for a f-in.- 
diameter bolt. The 4-in.Kliameter shear plate is a malleable iron casting drilled 
for either a J-in.-diameter bolt or a |-in.-diameter bolt. 

176. References and Notation.—^The following references will be found 
useful in the solution of problems relating to timber structures and details. 


References 


Hansen—Modem Timber D(\sign. 

Jacoby and Davis—Timber Design and Construction. 

National Lumber Manufacturers’ Association—National Design Specification for 
Stress-Grade Lumber and Its Fastenings (1944). 

National Research Council of Canada—National Building Code (1942). 

Swain—Structural Engineering: Strength of Materials. 

Timber Engineering Company—Tcco Design Manual for Teco Timber Connector 
Construction (1943). 

U. S. Department of Agriculture—Wood Handbook. 

U. S. Department of Agriculture—The Glued Laminated Wooden Arch, Technical 
Bulletin No, 691. 

The significance of symbols and abbreviations used in the tables and exam¬ 
ples is as follows: 

A — cross-sectional area of the member; 

AB = anchor bolt; 

Ar — area required; 
b ~ breadth of the member; 

c = value of pc when l/d = 10 or less (C.N.B.C. Spec.), 11 or less (N.L.M A. 
Spec.); 

d = least lateral dimension of a column; 

E = modulus of elasticity of the material; 

F = form factor for flexural member; 
fc — existing compressive stress; 

// = existing flexural stress; 
ft = existing shear stress; 
ft = existing tensile stress; 
h = depth of the member; 

/ = moment of inertia; 

Kg — Q. constant depending upon the group classification of the timber (Art. 
173); 
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Kt ^ a, constant depending upon the thickness of the member (Art. 173); 
k. = kip or kips (1 kip = 1000 lb.); 
k.s.i. = kips per square inch; 

M = bending moment; 

MB = machine bolt; 

N = allowable load where 6 is between 0° and 90®; 
n = permissible compressive stress on an inclined surface; 

P = allowable load when S = 0®; 

Pc — permissible compressive stress (safe P/A); 

Pf = permissible flexural stress; 

Pn — permissible compressive stress at right angles to the grain; 

Pa = permissible shear stress parallel to the grain; 

Pt = permissible tensile stress; 
p.l.f. = pounds per lineal foot; 
p.s.f. = pounds per square foot; 
p.s.i. = pounds per square inch; 

Q = allowable load when d is 90®; 

q = permissible compressive stress at right angles to the grain; 

8 = section modulus; 

S4S = surfaced four sides; 

SP = shear plate; 

SR = split-ring connector; 

0 = angle between the direction of the grain and the line of action of the 
load; 

V = transverse shearing force on the member. 
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TENSION MEMBERS AND TENSION-MEMBER DETAILS 

176. Determination of Net Section of Timber Tension Members.—^For 
members connected by bolts or bolts and connectors it is necessary to take into 
account the reduction in area resulting from the connector grooves and/or the 
bolt holes. For bolt holes this reduction is the diameter of the hole times the 
thickness of the member. Table 30 gives values for the projected area of 4-in. 
split-ring connectors and J-in.-diameter bolts for lumber thicknesses up to 8 in. 
A more complete table for various types and sizes of connectors appears in the 
Teco Design Manual. 

177. Design of a Timber Tension Member Including a Wooden Fish- 
Plate Splice Using Nails. —Suggest a design for a tension member, including a 
nailed fish-plate splice, to carry a load of 2000 lb. Use spruce, N.I^.M.A. Spec.; 
Pt = 1200 p.s.i. (Table 23). 

Area required = 2000/1200 = 1.67 in.^ 

Try a 2 X 4 in. (S4S), which is 11 X 3| in.; A = 5.89 in.^ (Table 21). The 
area supplied is greatly in excess of what is required, considering the tensile 
stress in the main member, but this section is selected in consideration of require¬ 
ments for the splice. 

Using l-|-in. fish plates (actual thickness = 1.06 in.), the maximum diameter 
of nail to avoid splitting = 1.06/7 = 0.15 in. Use 3-in. nails, diameter = 0.148 in. 

The allowable working load on a 3-in. nail in spruce is 62 lb. when the nail 
penetrates the main member two-thirds of its length (Table 24). In this case 
the allowable working load will be 62 X 1.625/2 = 50 lb. Use twenty 3-in. 
nails on each side of the splice in each of two fish plates 60 in. long, driving the 
nails in two rows at approximately 3-in. pitch and sufficiently out of line to 
avoid splitting. It is seen that, according to the allowable working loads used, 
eighty 3-in. nails are required to transfer this load of 2000 lb. This indicates 
that a nailed connection is not suitable for any but quite light loads. 

178. Design of a Tension Member Splice Using Bolts and Wooden Fish 
Plates. —Design a bolted splice using wooden fish plates for a If X 3f-in. 
tension member carrying a load of 2000 lb. Use spruce, N.L.M.A. Spec.; 
Pt = 1200 p.s.i. (Table 23); allowable working load on -^in. bolt in double shear 
in a spruce member if in. thick, loaded parallel to grain = 620 lb. (Table 28). 

Number of bolts required = 2000/620 = 3 plus. Use 4 bolts. 

Check tensile stress on net section. Gross area of member = 5.89 in.^; 
deduction for bolt hole = i X If = 0.81 in.^; net area = 5.89 — 0.81 ■= 5.08 
in.^; existing stress = 2000/5.08 = 394 p.s.i. 

270 
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Use two I 3 V X 3f-in. fish plates, which provide more net area in tension 
and more bearing area on the bolts than the main member. ' 

The end distance for a tension splice should be not less than seven bolt 
diameters in softwoods or five bolt diameters in hardwoods. The spacing of 
the bolts should be not less than four bolt diameters in softwoods or hardwoods. 
Use the splice arrangement shown in Fig. 120. 


.2h. 


4'' 3 * s'' 5 "' 4 " 4" 3"S''3" 4" 
I- 1 I I . 1 - ^ - I t - I I -1 


2 A. 




4-4.i-1 . 

^—6-^0 bo/fs 


2K. 


if 




X.. 


A. 


^2-/!X6 X 3^6''splice p/afes 
Fig. 120. —Tension Splice Using Bolts and Timber Splice Plates. 


179. Design of a Twin-Leaf Timber Tension Member Using Split-Ring 
Connectors.—Select suitable dimensions for a tension member subjected to a 
load of 28.9 k. Use two pieces, each of which is connected to splice plates with 
4-in. SR connectors on both faces, with J-in. bolts. Use Douglas fir, C.N.B.C. 
Spec.; pt = 1280 p.s.i. (Table 22). Try two 3 X 6 in. (S4S), having actual 
dimensions 2f X 5f in.; gross area = 2 X 14.77 = 29.54 in .2 (Table 21). 

Deduction for bolt holes and connector grooves = 2(2 X 2.25 + 1.625 X 
0.75) = 2 X 5.72 = 11.44 in.^ See Table 30. Net area = 29.54 - 11.44 = 
18.10 in.2 Existing stress, ft = P/A = 28,900/18.10 = 1592 p.s.i., which is 
in excess of the permissible stress. 

Try two 3X8 in. (S4S); net area = 2(19.69 - 5.72) = 27.94 in.^; 
ft = 28,900/27.94 = 1035 p.s.i., wliich is less than the stress permitted and 
therefore satisfactory. 

Use two 3 X 8 in. (S4S) (2| X 7^ in., actual dimensions). 

It is not intended that this example be concerned with the design of the 
splice, but merely with the choice of a suitable section for the member. 

180. Design of a Timber Tension Member .—A tension member will be 
subjected to an axial load of 11.1 k. and is to consist of two pieces, each if in. 
thick, connected with 4-in. SR connectors in only one face of each piece. Choose 
a suitable section. Use Douglas fir, C.N.B.C. Spec.; pt = 1280 p.s.i. (Table 22). 

Since 5^ in. is the minimum width which may be used with 4-in. connectors, 
try two 2 X 6 in. (S4S). 

Gross area = 2 X 9.14 = 18.28 in.^ (Table 21). 

Projected area of connectors and bolts = 2 X 3.09 = 6.18 in.^ (Table 30). 

Net area = 18.28 - 6.18 - 12.10 in.^ 
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Existing stress,= 11,100/12.10 = 918 p.s.i. > 1280 p.s.i. 

Use two 2 X 6 in. (S4S) (If X 5f in., actual dimensions). 

The choice of dimensions suitable for the use of the connectors was the 
determining factor in selecting the section for the member, rather than the 
provision of sufficient net area to withstand the load at the specified permis¬ 
sible tensile stress. This is a usual condition. 


TABLE 30 

Projected AriIa (in.^) of 4-in. Split Rings and |-in. Bolts 
(For use in determining net sections) 


Lumber thickness, 
inches. 

1 

^ 8 

2 


3 

05 

^8 

4 

i 

55 

6 

7^ 

8 

Rings in one face... 

3.09 

3.37 

3.84 

4.12 

4.59 

4.87 

6.00 

6.37 

7.50 

7.87 

Rings in both faces. 

4.97 

5.25 

5.72 

6.00 

6.47 

6.75 

7.88 

8.25 

9.38 

9.75 


181. Design of a Timber Tension Member and a SpHce Using Wooden 
SpUce Plates and Split-Ring Connectors.—Design a tension member and a 
splice to carry an axial load of 42 k. partly due to snow. Use Douglas fir, 
N.L.M.A. Spec.; pt = 1450 X 1.15 = 1668 p.s.i. (Table 23). The 15% in- 



£/A.^ 

2t K, 

-^ 




crease in tensile stress is permitted by the specification when not less than 
15/115 of the load is snow load. 

Try a twin-leaf member spliced with three splice plates using 4-in. SR con¬ 
nectors. Try two 3 X 8 in. (S4S) for the main member. 

Gross area == 2 X 19.69 = 39.38 in.^ (Table 21). 
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Deduction « 2 X 5.72 = 11.44 in.^ (Table 30). 

Net area * 27.94 in.^ ' 

ft = 42,000/27.94 = 1504p.s.i. > 1668 p.s.i. 

Using two 2 X 8 in. (S4S) and one 3 X 8 in. (S4S) for the splice plates, the 
tensile stress on the net area of the splice will be less than in the main member 
and therefore satisfactory. 

Safe load on one 4-in. SR = 5635 X 1.15 = 6480 lb. (Art. 173). 

Number of rings required = 42/6.48 = 6.48. 

Use 8 rings (4 on each of two bolts) both sides of the splice. See Fig. 121. 

Each ring will be loaded to 6.48/8 = 81% of capacity. In order to have 
this efficiency the minimum end distance permitted = 5.2 in., and the minimum 
spacing permitted = 5.88 in. See Fig. 119. 

182. Capacity of Timber Tension Member Using Split-Ring Connectors.— 
Determine the capacity of a tension member which consists of two 2 X 6 in. 
(S4S), each of which is connected with a 4-in. SR connector on one face only. 
The material is Douglas fir, C.N.B.C. Spec.; pt == 1280 p.s.i. (Table 22). 

Gross area = 2 X 9.14 = 18.28 in.^ (Table 21). 

Deduction for bolt holes and connector grooves = 2 X 3.09 = 6.18 in.^ 
(Table 30). 

Net area = 18.28 — 6.18 = 12.10 in.^ 

Safe load = 12.10 X 1280 = 15,500 lb. - 15.5 k. 

It is not intended that this example be concerned with the strength of the 
connection, but merely with the capacity of the member. 

183. Exercise Problems on Timber Tension Members and Their Details.— 
The following exercise problems are based on the problems solved in this chap¬ 
ter. See Appendix I for answers. 

(1) Choose a suitable thickness for a tension member llj in. wide. End con¬ 

nections are made with 4-in. SR connectors and |-in. bolts. Bolts are placed 
directly opposite? on two gauge lines on the llj-in. face and rings are opposite in 
the two faces of the member. P = 36 k.; = 1280 p.s.i. 

(2) A tension member consists of two 2 X 8-in. (actual dimensions) pieces of 
hemlock. Connections are made with f-in. bolts and 4-in. SR connectors opposite 
in the two faces of both pieces. Determine the safe capacity of the member. 
C.N.B.C. Spec.; pt = 880 p.s.i. 

(3) What is the safe capacity of a connection using four 4-in. split rings, two on 
each of two J-in. bolts? Spacing of the bolts is Sj in.; rings are opposite in the two 
faces of a spruce member 2l in. thick; end and edge distances are not substandard; 
0 = 30®. N.L.M.A. Spec.; see Teco Design Manual. 

(4) Connection to the end of a 4 X 6-in. (S4S) member is made with two 2X6- 
in. splice pieces, one on each side of the member. Two 4-in. SR connectors are 
used on each of three f-in. bolts. Determine the minimum permissible spacing and 
end distance for the connectors to transmit safely an axial load of 30.0 k. Timber 
used is Douglas fir. N.L.M.A. Spec.; see Teco Design Manual. 
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184. Notation and Fonnulae. —The following notation will be employed in 
the formulae applicable to the design of compression members: 

A = area of cross section; 

c = value of pe when //d = 10 or less (C.N.B.C. Spec.), 11 or less (N.L.M.A. 
Spec.); 

d = minimum lateral dimension of column or of one leaf of a spaced column; 
E = modulus of elasticity of the material; 
e = eccentricity of application of an axial load; 

/ = {P/A) + (M/S) = existing stress, compressive plus flexural; 
fc = P/A = existing compressive stress; 

// = M/S = existing stress due to flexure; 

I = moment of inertia of member; 

K = 0.702\/ E/c, according to N.L.M.A. Spec.; 

K = OmVe/c, according to C.N.B.C. Spec.; 

Ka = \^2.5K = 1.581 IX, for end condition “a” of N.L.M.A. Spec.; 

I = distance between points of lateral support; 

M = P X e = bending moment; 

P = axial load on member; 

Pe = maximum permitted value for/c; 

Pf = maximum permitted value for//; 

S == section modulus of member. 

Simple Solid Columns .—The following formulae are applicable: 

Short Columns 

I __ no or less (C.N.B.C. Spec.) 1 _ 

d~ til or less (N.L.M.A. Spec.)! ~ 

Intermediate Columns 

^ fbetween 10 and K (C.N.B.C. Spec.)l _ fi ^ ^ Vl 

d tbetween 11 and K (N.L.M.A. Spec.)I “ 3 \Kd) J ’ 

Long Columns 

c . 0.329£? 

(N.L.M.A. Spec.) p. = : 

- between K and 50 

“ 0.274J& 

(C.N.B.C. Spec.) Pc = -^- 

274 



Short Columns 
I 

3=11 or less 
a 

Intermediate Columns 

3 between 11 and 
a 
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These formulae are according to N.L.M.A. Spec., under which requirements 
are stipulated for spacer and end blocks and the shear strength of the connec¬ 
tions. The thickness of the blocks should be not less than that of the individual 
members of the spaced column. A single spacer block should be located within 
the middle tenth of the column length (Z) and this need not be split-ring con¬ 
nected. A spacer block or other suitable wood member is required at each end 
of the column. Each end block requires a connector or connectors adequate 
to resist a shear stress equal to the cross-sectional area of one leaf of the column 
multiplied by an end spacer block constant depending upon l/d and the group 
classification of the timber. Table 31 is a table of end spacer block constants. 



Fig. 123 illustrates the variation of permissible stresses with the l/d ratio 
for both solid and spaced columns. 

Members Subjected to Axial Load and Bending Moment —When a member 
is subjected to both compressive stress and flexural stress, the maximum stress 
existing is given by the formulae / = P/A -f M/S = /c + //. In general, the 
permissible stresses pc and pf have different values, and the maximum permis¬ 
sible value for / = /c + // is something between pc and p/. This is given by the 
formula p = /c + (P/ — Pc) X ///p/. For convenience in computing, this is 
usually expressed in the form/c/pc + ///p/ shall not exceed unity. 

186. Design of Timber Column of Intermediate Length.—Design a square, 
solid column 15 ft. long to carry a concentric load of 50 k. Use Douglas fir, 
N.L.M.A. Spec. 
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Assume an 8 X 8-in. member having actual dimensions 7.5 X 7.5 in.; 
l/d » 180/7.5 = 24; Pc == 890 p.s.i. (Table 23); area required, Ar - 50,000/890 
= 56.2 in.^; area supplied, A = 7.5 X 7.5 = 56.25 in.®, which is sufficient. 

Use an 8 X 8-in. (S4S) section. 

TABLE 31 


End Spacer Block Constants for Connector-Joined Spaced Columns 



l/d Ratio 

Group 

0 










60 

Classification 

to 

15 

20 

25 

30 

35 

40 

45 

50 

55 

to 

of Timber 

11 

1 









80 


End Spacer Block Constant 

A 

0 

41 

92 

143 

194 

245 

296 

347 

398 

449 

500 

B 

0 

35 

78 

122 

165 

208 

252 

295 

339 

382 

425 

C 

0 

29 

65 

102 

138 

174 

211 

247 

283 

320 

356 

D 

0 

24 

54 

84 

114 

144 

174 


234 

264 

294 


186. Design of a Truss Compression Member.—Design a compression mem¬ 
ber 86.4 in. long to support a centrally applied axial load of 6.6 k. One of the 
dimensions of the member is to be 2f in. Use Douglas fir, C.N.B.C. Spec. 

l/d = 86.4/2.625 = 33; Pc = 410 p.s.i. (Table 22); Ar = 6600/410 = 16.1 in.® 
Use a member 3 X 8 in. (S4S), A = 19.69 in.® (Table 21) 

While this section provides an excess of area, the area of a 3 X 6 in. (S4S) 
is only 14.77 in.® and therefore inadequate. 

187. Design of a Compression Diagonal for a Roof Truss.—Choose a suit¬ 
able section for a compression member 102 in. long to carry an axial load of 
14.9 k., partly due to snow. Use Douglas fir, N.L.M.A. Spec. In considera¬ 
tion of the arrangement of this and other members in the truss, one of the 
dimensions of the cross section of the member will be 3f in. l/d = 102/3.625 
= 28; increasing the value of c given in Table 23, because of snow loading, 
c = 1.15 X 1200 = 1380 p.s.i.: K = 0.702= 0.702\/l,600,000/1380 = 


23.9; since l/d is greater than K, this is a long column, and Pc = 
0 .329 X 1,600,000 ^ ^ 14,900/670 = 22.3 in.* 


0.329 £ 


(28)* 
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Use a 4 X 8-in. (S4S) member. A = 27.19 in.^ (Table 21). 

188. Design of Eccentrically Loaded Column of Intermediate Length.— 

A square column is provided with a cast-iron base and a column cap carrying 

unequal girder reactions on two sides and a cen¬ 
trally applied column load from above. The load¬ 
ing is as shown in Fig. 124. Choose a suitable 
section for the column, using Douglas fir and 
C.N.B.C. Spec, for permissible stresses. 

Neglect the effect of the column deflection in 
computing flexural stress, and neglect the weight 
of the column. 

Total axial load, P = 10 + 35 + 15 = 60 k. 
Moment due to eccentric loading, AT = 5 X 7 
= 35 in.-k. 

Try a 10 X 10-in. column, which, when dressed 
on four sides, will be 9.5 X 9.5 in.; A = 90.25 in.^; 
S = 142.9 in.2 (Table 21). 

Taking the length of the column as 13 ft. 6 in., 
orl62in.,Z/(/ = 162/9.5 = 17. 

From Table 22, pc = 895 p.s.i.; p/ = 1280 p.s.i. 
= 60,000/90.25 = 665 p.s.i. ;/c/pc = 665/895 
= 0.743; // = 35,000/142.9 = 245 p.s.i. ;///p/ = 
245/1280 = 0.191. 

0.743 + 0.191 = 0.934 > 1. The section is 
adequate. 

Use a section 10 X 10 in. (S4S). 

189. Design of a Long Timber Column Eccen¬ 
trically Loaded. —A load of 16 k. applied 0.75 in. 
off centre on a short diameter is to be carried by 
a square column having a length of 22 ft. 6 in. 
between points of lateral support. Select a suitable section for the column, using 
Douglas fir and C.N.B.C. Spec,, (a) neglecting the effect of lateral buckling on 
existing stress, and (5) considering this effect. 

Axial load, P = 16 k.; bending moment, M = 16 X 0.75 = 12 in.-k. 

Try a section 8 X 8 in. (S4S) having dressed dimensions 7.5 X 7.5 in.; 
A = 56.25 in.2; S = 70.31 in.^; I = 264 in.^; l/d = 270/7.5 == 36. 

From Table 22, pc = 342 p.s.i.; pf - 1280 p.s.i. 

(a) NeglecMng Effect of Buckling.—fc = 16,000/56.25 = 285 p.s.i.; fc/pc = 
285/342 = 0.833; // = 12,000/70.31 = 171 p.s.i.; ff/p; = 171/1280 = 0.133; 
fc/Pc A-ff/Pf = 0.833 + 0.133 = 0.966 > 1. This is within the allowable limit. 

(h) Including Effect of Buckling. —^Applying Eq. (6) of Art. 36, letting 
C = 15, a suitable value for a column with flat ends, 

^ 12,000 

mo t n nr \ r \ ^ ^ / Ci >- 7f\\0 210 p.S.l., ff/Pf 



Fig. 124.—Eccentrically Loaded 
Column. 


PZ2 

CEy. 


70.31 


16,000 X (270)^ 

15 X 1,600,000 X 3.75 
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210/1280 = 0.164; fc/Po+ff/Vf = 0.833 + 0.164 = 0.997 > 1. The permis- 
sible stress is not exceeded. 

Observe that considering the buckling of the member has only a small effect 
on the calculated stress. 

190. Capacity of a Spaced Column. —^A Douglas fir spaced column, Z *= 15 
ft., consists of two leaves each 4 X 10 in. (dressed dimensions 3f X 9^ in.), 
spaced with 4 X 10-in. blocks at the ends and at centre. Decide upon a suit¬ 
able arrangement of connectors to secure the end blocks, and determine the 
maximum allowable axial load on the column according to N.L.M.A. Spec, 
with end condition 

l/d = 180/3.625 = 49.7; area of one leaf = 34.44 in.^; end spacer block 
constant = 339 (Table 31). 

Shear to be developed by connectors in each face of each end spacer block 
= 34.44 X 339 = 11,660 lb. Capacity of one 4-in. SR acting parallel to the 
grain in a Douglas fir member more than 3 in. thick = 5735 lb. Number of 
rings required = 11,660/5735 = 2.03. 

Use two bolts at each end, giving two SR on each face. These will require 
end distances and spacing to give 100% efficiency. According to Fig. 119, the 
end distance required is 7 in., and the spacing required is 9 in. 

Capacity of Column.—Ka = 1.5811 X 0.702\/1,600,000/1200 = 40.5, which 
is less than l/d] Pc = (0.822 X l,600,000)/(49.7)^ = 533 p.s.i. See Table 23. 

Maximum allowable load on column = 0.533 X 2 X 34.4 = 36.7 k. 

Comparing the columns in Arts. 185 and 190, it is seen that in this instance 
the spaced column has a larger area and a lower capacity than the solid column. 
There arc, however, advantages of spaced columns, as they permit the use of 
smaller, hence more readily available, timber, and in many cases they result 
in a simplification of the connection arrangement at truss joints. 

191. Design of a Spaced Column. —^l')esign a twin-leaf spaced column to 
support an axial load of 39.4 k., of which more than 15/115 is snow load. Length 
of member between points of lateral support, I = 72 in. Use Douglas fir, 
N.L.M.A. Spec.; for short columns under permanent load plus snow load, 
c = 1.15 X 1200 = 1380 p.s.i. 

Assume a leaf thickness = 2^ in.; l/d = 72/2.625 = 27.4; 

K = 0.702\/1,600,000/1380 = 23.9; A'„ = 1.5811 K = 37.8; 

Pc = 1380[1 - J(27.4/37.8)«] = 1252 p.s.i. See Art. 183. 

Try two pieces 3 X 8 in. (S4S) (2^ X 7^ in., dressed dimensions): A = 39.38 
in.2;/c = 39,400/39.38 = 1001 p.s.i. > 1252 p.s.i. 

Use two 3 X 8-in. (S4S) leaves with adequate strength in the connectors, 
on each face of each end spacer block and with an intermediate spacer block 
bolted, without connectors, between the leaves at the mid-length of the unsup¬ 
ported length. 

192. Design of a Twin-Leaf Column without Intermediate Spacer Block.— 

Select a suitable width for two leaves, each 2| in. thick, of the column in Art. 191 
if the intermediate spacer block is omitted. Each leaf is a simple solid column 
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having l/d = 27.4, which is greater than K; hence this is a long column and 
Pc = 0.329 X 1,600,000/(27.4)2 = 701 p.s.i. 

See Art. 184. Note that there is no increase in permissible stress for snow 
loading for a long column; the strength is dependent upon the modulus of elas¬ 
ticity. The area required, Ar = 39,400/701 = 56.2 in.2 

Use two 3 X 12 in. (S4S), A = 60.38 in.2 Qf 3 lO-in. (S4S) 

is inadequate. 

This illustrates the difference in strength between the spaced column con¬ 
nector joined where a section of two 3 X 8 in. was satisfactory and the simple 
solid column where a section of two 3 X 12 in. is required. 

193. Capacity of a Twin-Leaf Compression Member without Intermediate 
Spacer Blocks. —The top chord of a truss consists of two Douglas fir 3 X 10-in. 
(S4S) leaves, with the distance between points of lateral support 72 in. There 
is no intermediate spacer block between the leaves. Calculate the maximum 
permissible axial load on this member according to N.L.M.A. Spec, if not less 
than 15/115 of the load is due to snow. 

Each leaf is a simple solid column; Z/d = 72/2.625 = 27.4; Pe = 701 p.s.i. 
See Art. 192. 

Capacity of member, P = A X Pe — 49.88 X 0.701 = 34.9 k. 

194. Design of a Member Subjected to Axial Load and Bending Moment.— 

Select suitable dimensions for a s])aced column connector joined to withstand 
an axial load of 31.1 k. and a bending moment of 22.3 in.-k. The details of 
construction are such that lateral buckling of the member is prevented. Use 
Douglas fir, C.N.B.C. Spec.; pc = 960 p.s.i.; pf = 1280 p.s.i. 

Since the axial load of 31.J k. would require 32.4 in. 2 , try two 3 X 8 in. 
(S4S) having dressed dimensions 2f X 7^ in. and A = 39.38 in.2; ^ _ 49,22 in.2 
= P/A = 31,100/39.38 = 790 p.s.i.;/,/p. = 790/960 = 0.823;// = M/S 
= 22,300/49.22 = 453 p.s.i.; ff/pf = 453/1280 = 0.354; fc/Pc + f/Zp/ 
== 1.177 > 1. The member is overstressed. 

Try two 3 X 10 in. (S4S); A = 49.88 in.2; ^ ^ 73,90 

fc = 31,100/49.88 = 623 p.s.i. ;/c/Pc = 623/960 = 0.650;// = 22,300/78.96 
= 283p.s.i.;///p/ = 283/1280 = 0,221; fc/pc + f/Zpf = 0.650 + 0.221 = 0.871 
> 1 . 

Use two 3 X 10 in. (S4S). 

195. Design of a Twin-Leaf Column Subjected to Axial Compression and 
Cross-Bending. —Select a suitable section for a twin-leaf column to withstand 
P = 30.2 k. and M = 94.5 in.-k., including wind effects. Details of construc¬ 
tion are such that lateral buckling of the member is prevented. Use Douglas 
fir, C.N.B.C. Spec. Since this loading includes wind effects, the permissible 
stresses given in Table 22 should be increased by 25%. Pc = 1.25 X 960 = 
1200 p.s.i.; Pf = 1.25 X 1280 = 1600 p.s.i. 

A moment of 94.5 in.-k. would require a section modulus of 94.5/1.6 = 59.0 
in.^ Considering the axial load in addition to the moment, it is obvious that a 
larger section than this will be required. 

Try two 3 X 12 in. (S4S); A - 60.38 in.2; s = 115.72 in.^ 
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fe = 30,200/60.38 = 500 p.s.i. ,7c/Pc = 500/1200 = 0.416;// = 94,500/115.72 
= 817 p.s.i.;///p/ = 817/1600 = 0.510;/c/pc 4///p/ *= 0.926 > 1. 

Use two 3 X 12 in. (S4S). 

196. Design of a Compression-Member Splice.—Design a splice for a com¬ 
pression member consisting of two 2| X 9^in. Douglas fir pieces, spaced 3 f in. 
apart, using |-in. bolts and 4-in. SR connectors. The load carried by the mem¬ 
ber is 34.2 k., of which more than 15/115 is snow load. Use N.L.M.A. Spec, for 
permissible stresses in the material and safe load on the connectors. 

Try a splice piece 3f X 9^ in. between the two pieces of the member, as 
shown in Fig. 125. fc = 34,200/34.44 = 994 p.s.i. According to Table 23, 
this is not excessive unless l/d is more than 20 . Since the rings are in one face 
only of the 2 |-in. material and opposite in both faces of the 3 f-in. splice piece. 



Fiq. 125.—Comprebsion Member Splice. 


the safe load on one 4-in. SR = 1.15 X 5735 = 6590 lb. (Art. 173). Number 
of connectors required = 34,200/6590 = 5.19. Use six rings (two on each of 
three bolts) loaded to 5.19/6 = 86.5% of capacity. To provide this efficiency, 
the end distance required is 4y in., and the spacing required is 6 | in. (Fig. 119). 

Use a splice piece 4 X 10 in. (S4S), with three |-in. bolts both sides of the 
splice, having two 4-in. SR on each bolt, end distances of 5 in. and spacing of 
7 in. 

197. Investigation of a Split-Ring Joint.—^Fig. 126 shows the sections of the 
members meeting at a truss joint, as well as the axial loads acting in the mem¬ 
bers. Investigate the loading on the various connectors compared with the 
safe loads according to N.L.M.A. Spec. More than 15/115 of the loads is snow 
load. The timber is Douglas fir which is classified as group B for determination 
of safe connector loads. 

The rings on bolt B are in one face of the 2|-in. chord members and opposite 
in both faces of the 3|-in. diagonal. The angle of the load to the grain, 6 = 45®. 
For standard spacing and end distance and edge distance, the safe load on a 
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ring on bolt B is 1.15 X 4.66 X 0.858/(0.50 + 0.697 X 0.50) = 5.42 k. (Art. 
173). 

The rings on bolt A are opposite in both faces of the 2f-in. chord member, 
and the corresponding safe load is 5.42 X 0.983 = 5.32 k. 

Connection of Diagonal C/ 1 L 2 .—Considering the connection of the member 
U 1 L 2 , the end distance is such that the efficiency of the connection is 0.89 (Fig. 
119); the distance to the loaded edge of the chord is 2| in., which is also sub¬ 




standard, and the safe load on the connectors is reduced by a factor of 0.83 on 
this account. The smaller of the two factors governs, and the capacity of the 
connection is 2 X 5.32 X 0.83 = 8.84 k., which is greater than 8.1 k. and there¬ 
fore adequate. 

Connection of Diagonal LqUi .—The spacing of 5.3 in. between bolts A and 
B is substandard, and, in determining the safe load on the connectors on both 
bolts, the corresponding factor of 0.77 (Fig. 119) must be considered to take 
this into account. For the rings on bolt A the distance of 2 J in. to the unloaded 
edge of the chord is not substandard, and the factor is 1.0. For the rings on 
bolt Bs a factor of 0.625 must be considered to take into account the substandard 
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compression end distance of Sj in., and a factor of 0.87 corresponding to the 
distance of 3 in. to the loaded edge of the chord. These reductions in safe load 
are not cumulative. In determining the capacity of any connector the lowest 
factor applicable is used. The capacity of the connection is 2 X 5.32 X 0.77 
+ 2 X 5.42 X 0.625 = 14.97 k. > 14.9 k. 

198. Design of a Split-Ring Joint.—Design a connection between the mem¬ 
bers meeting at the bottom chord panel point of a timber roof truss. The 



loads acting in the members and the arrangement of the members meeting at 
the joint are shown in Fig. 127. More than 15/115 of the loads is snow load. 
The timber is Douglas fir. Use N.L.M.A. Spec, for safe loads on connectors, 
since they are based on more complete test data than those contained in the 
C.N.B.C. Spec. 

The sizes of the members have been determined from a consideration of 
the truss as a whole, as well as the requirements of the connections at this joint. 
See Arts. 179 and 216 for the design of the chord, Art. 186 for the vertical, and 
Art. 182 for the diagonal. 

Try one |-in. bolt with four 4-in. SR connectors as shown in Fig. 127. 

Connection of VerticaL—6 = 90®, tabular ring value is 4.66 X 0.858 X 
0.983/1.0 = 3.93 k. (See Art. 173 and Table 29.) Increasing this by 15% for 
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snow loading, 1.15 X 3.93 = 4.52 k. Using two rings, the efficiency required 
is 6.6/(2 X 4.52) = 0.73. From Fig. 119, the end distance required is 3j in., 
and the edge distance required is 24 in. The arrangement shown in Fig. 127 is 
satisfactory. 

Connection of Diagonal—6 = 58°; sin^^ = 0.719; cos^d = 0.281; sin^^ + 
0.697 cos^^ = 0.915; with standard end and edge distance the safe load on 
two rings is 2 X 1.15 X 4.66 X 0.858 X 0.983/0.915 = 9.88 k. Efficiency 
required is 7.8/9.88 = 0.79. From Fig. 119, the end distance required is 5 in., 
and the edge distance required is 2j in. The arrangement shown in Fig. 127 is 
satisfactory. 

199. Design of a Shear-Plate Connection.—Design a connection between 
a 3f X 7^in. Douglas fir member and a steel member which consists of 2L^s 



4 X 3 X 4 in., making an angle of 60° with the grain of the timber member. 
The permanent load in the steel member is 8 k. 

The tabular value for a 2|-in. SP in Douglas fir, with 6 = 60°, is 2.39 k. 
(Teco Design Manual). With standard spacing and edge distance, the number 
of shear plates required would be 8/2.39 = 3.34. Substandard spacing and/or 
edge distance would reduce the safe load on a shear plate and consequently 
increase the number required. 

Try four 2g-in. shear plates and two 4-in. bolts, as shown in Fig. 128. 

The Teco Design Manual gives efficiencies of shear plates for various spacings 
and end/edge distances. The spacing of 4.04 in. for 2f-in. shear plates is not 
substandard, and the efficiency is 100% from this consideration. The distance 
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of 2 in. from tb i rings on bolt B to the loaded ec^ge of the timber member is less 
than the standard 2f in., for 6 = 60°, and on account of this the safe load on 
these rings is the tabular ring value multiplied by the appropriate factor, which 
is 0.87. 

Accordingly, the capacity of the connection is 2 X 2.39 + 2 X 2.39 X 0.87 
= 8.94 k., which is satisfactory. 

It is not intended that the adequacy of either of the members be investigated 
in this example, which is concerned with only the capacity of the connection. 

Use the connection shown in Fig. 128. 

200. Exercise Problems on Timber Compression Members.—The following 
exercise problems are based on the problems solved in this chapter. In certain 
examples specifications other than C.N.B.C. Spec, or N.L.M.A. Spec, have 
been used. See Appendix 1 for answers. 

(1) Find the required size of a square Douglas fir column 15 ft. long, carrying a 
concentric load of 100 k. Use dressed dimensions, pe “ 1200 — 25 l/d, 

(2) Report on the safety of a 10 X 10-in. (S4S) Douglas fir column 10 ft. long 
carrying an axial load of 64 k. applied on a short diameter and J in. off 
centre, pc 1300 — 30 l/d\ p/ = 1200. 

(3) A 6 X 6-in. timber post 15 ft. long carries a load of 18 k. applied on a short 
diamet(5r and J in. off centre. What is the maximum fibre stress arising from all 
causes, allowing for the effect of deflection? E = 1,500,000. 

(4) A 10 X 10-in. Douglas fir column 11 ft. 8 in. long supports an axial load of 
77 k. and in addition is subjected to a bending moment of 30 in.-k. Express an 
opinion as to the safety of the column. C.N.B.C. Spec. 

(5) A 6 X 8-in. spruce column 10 ft. long carries an axial load of 32 k. applied 
on the 8-in. diameter and J in. off centre. R(3port on the sufficiency of the member, 
using nominal dimensions. N.L.M.A. Spec. 

(6) A Douglas fir column 16 ft. long carries an axial load of 120 k. applied 1| in. 
off centre. If the section may be rectangular, and not necessarily square, recommend 
a size using nominal dimensions. C.N.B.C. Spec. 

(7) Using spruce, choose suitable dimensions for a twin-leaf spaced column 
10 ft. 6 in. long to support a centrally applied axial load of 17 k. N.L.M.A. Spec. 

(8) For two successive stories, each 11 ft. 8 in. liigh, a column consists of a 
10 X 14-in. timber section. At its top and bottom it is supported in all directions 
against lateral movement, but at the intermediate floor level it is supported laterally 
only in the direction of the 10-in. dimension. The total load in the upper story of 
the column is 130 k., and in the lower story it is 154 k., centrically applied in both 
cases. Express an opinion as to the safety of the column. Pc = 1400 — 20 l/d. 
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201. Fundamental Formulae for Beams. —In most examples of timber beam 
design and investigation the formulae given in Art. 72 are applicable. For a 
member with a rectangular cross section, Eq. (10), Art. 72, reduces to 
/, = 1.5 F/A. From this is derived the formula Ar = 1.5 V/pa, where Ar is 
the cross-sectional area required in order that fa shall not exceed Similarly, 
Eq. (6), Art. 72, may be written Sr = M/pf^ where Sr is the section modulus 
required in order that// shall not exceed pj. 

Critical Shearing Force .—Beams with extensive checks at or near the neutral 
plane have appreciable shear strength because the upper and lower portions of 
the beam, acting independently, resist a portion of the shearing force on the 
member. This “two-beam shear action’’ is taken into account by a reduction 
of the shearing force on the member when calculating the intensity of shearing 
stress at the neutral plane of the beam as a whole. Specifications differ some¬ 
what in their requirements regarding the determination of the critical shearing 
force. 

According to the C.N.B.C. Spec., all uniform loads within a distance of the 
depth of the beam from the nearest support may be neglected; all concentrated 
loads in the vicinity of the support may be reduced in accordance with the 
following factors, h being the depth of the beam: 

Distance of load from support 1.5or less 2h 2.hh 3.0/ior more 

Factor 0.4 0.6 0.8 1.0 


According to the N.L.M.A. Spec., all loads within a distance of the depth 
of the beam from either support may be neglected; all concentrated loads in the 
vicinity of the support may be reduced in accordance with the factor 

—^-, h being the depth of the beam and x being the distance from the 

2 + {x/hY' 6 P 

support to the load. 

Form Factors for Flexural Members .—Consideration of the results of tests 
on timber beams indicates that, for members of unusual cross section, the 
formula for section modulus required should be adjusted to include a form 
factor. 

For rectangular-cross-section members, the “Wood Handbook,” published 
by the U. S. Department of Agriculture, recommends a form factor F = 1.07 
“ 0.07\/ h/2. Values of pf listed in Tables 22 and 23 were established for use 
in the equation Sr = M/1.11 pjF. Since F deviates from 0.90, which corre- 
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spends approximately to A = 12 in., by less than 5% for values of h between 
8 in. and 18 in., this deviation is usually neglected. The value of 0.90 is used 
for F, and the equation becomes Sr = M/1.11 p/ X 0.90, that is Sr = M/pf. 

Values of F for beams having I and box sections are given in the “Wood 
Handbook.^^ 

While N.L.M.A. Spec, refers to these form factors, no reference is made to 
them in C.N.B.C. Spec. 

202. Investigation of a Simply Supported Beam.—^A simply supported 
Douglas fir beam of 8-ft. span has a cross section 8 X 12 in., actual dimensions. 
It carries a total uniformly distributed load of 2500 p.l.f. Report on the safety 
of the beam, according to N.L.M.A. Spec.: pf — 1450 p.s.i.; = 120 p.s.i.; 

A not Hmited. A = 6/i = 8 X 12 = 96 in.2; S = bh^/6 = 8 X (12)V6 = 192 

m.3 


Flexure. —Maximum moment M = wF/8 — 2500 X (8)^ X -^ = 240,000 
in.-lb.;// = M/S = 240,000/192 = 1250 p.s.i. > 1450 p.s.i. 

Shear. —Critical section for shear is 12 in. from the support. V = 2500 X 3 
= 7500 lb.; /a = 1.5 V/A = 1.5 X 7500/96 = 117 p.s.i. > 120 p.s.i. 

The beam is not overstressed in flexure or in shear. 

Dressed Dimensions. —Consider the same span, loading conditions and 
specifications, using a Douglas fir beam 8 X 12 in. (S4S). According to Table 
21, A = 86.25 in.2; S = 165.3 in.2 

Flexure.—ff = M/S = 240,000/165.3 = 1450 p.s.i. > 1450 p.s.i. 

Shear.—f, = 1.5 V/A = 1.5 X 7500/86.25 = 130 p.s.i. > 120 p.s.i. 

Using the dressed size, the material is overstressed in shear. 

203. Design of a Simply Supported Beam. —Design a simply supported 
beam for I = 10 ft., which must carry a load of 5 k. at each of its third-points. 
Use Douglas fir and C.N.B.C. Spec, for permissible stresses; p/ = 1280 p.s.i.; 
Pa = 80 p.s.i. Use dressed dimensions. Neglect the weight of the beam. 

Flexure. —^The maximum moment, Eq. (1), Art. 72, is M = Wl/Q = 
(2 X 5 X 10 X 12)/6 = 200 in.-k. Required section modulus, Eq. (6), Art. 72, 
is Sr = 200/1.28 = 156 in.^ 

Shear. —Maximum transverse shear is F = 5 k. Required area is 
A. = M = ?X^=93.8in.^ 

2 Pa 2 80 

Use a beam 10 X 12 in. (S4S). From Table 21, A = 109.3 in.2; S = 209.4 
in.® Note that an 8 X 12-in. beam has a section modulus of 165 in.®, which 
would be satisfactory, but that its area of 86.25 in.2 would be inadequate. 

204. Design of a Purlin for a Flat Roof. —Design a timber purlin for a flat 
roof, to span 15 ft. and to support a uniformly distributed load of 315 p.l.f., in 
addition to its own weight. A large portion of the load is snow. Use spruce; 
N.L.M.A. Spec.; pf = 1.15 X 1200 p.s.i.; pa = 1.15 X 95 p.s.i.; ^ = 1.2 X 10® 
p.s.i.; A > 1.15 X Z/250. Estimate the weight of the beam to be 20 p.l.f. 


Flexure.—M = —- = 


wl^ 335 X (15)2 X 12 


8 


8 


= 113,000 in.-lb.;/Sfr = 


113,000 
1.15 X 1200 


82.0 in.® 
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Shear—V = w(--h\== 335(7.5 - 0.833) = 2230lb.; Ar = 5 • , 

y2 / 2 l.lo X 9o 

= 30.6 in.2 

Try a 6 X 10-in. beam (S4S) which weighs 14.5 p.l.f. Table 21 gives 
A = 52.25 in.2; >S = 82.73 in.»; I - 393 in.^ 

Deflection .—Maximum permissible deflection isl.l5Xl5X 12/250 = 0.83 


in. 


A = 


A v~ 

384 ^ El 


5 329.5 X 15 X (15 X 12)^ 

384 ^ 1.2 X 10« X 393 


= 0.80 in. > 0.83 in. 


Use a 6 X 10-in. purlin. 

205. Design of a Roof Joist. —Design a timber joist to span 15 ft. and to 
support a total uniformly distributed load of 58 p.l.f. Use spruce; C.N.B.C. 
Spec.; p/ = 880 p.s.i.; p, = 64 p.s.i.; A not limited. 

Flexure.—M = — =-= 19,600 in.-lb.; Sr = -= 22.3 111 .^ 

8 8 880 


Shear, 


58(7.5 


.—Assuming the member to be 10 in. deep, F= ^ ~ 

386 

0.833) = 386 lb.; Ar = 1.5 X — = 9.05 in.^ 

64 


Use a 2 X 10-in. section (S4S): A = 15.44 in.2; S — 24.44 in.^ (Table 21). 
206. Design of a Beam with a Single Concentrated Load near One Support.— 
A chain hoist is to be supported 16 in. from the face of a wall by a 1 g-in.-diameter 
eyebolt which passes through a l^in.-diameter hole drilled vertically through a 
timber beam on its centre line. The clear span of the beam is 7 ft. 6 in. Con¬ 
sidering a length of bearing of 6 in. at each end, the span length, Z = 8 ft. = 96 
in., and the hoist load is 19 in. from one reaction and 77 in. from the other. The 
maximum load on the eyebolt will be 20 k.; the weight of the beam may be 
neglected. Choose a suitable section for the beam and a steel plate washer to 
bear on the beam, using Douglas fir and C.N.B.C. Spec.; p/ = 1280 p.s.i.; 
Ps = 80 p.s.i.; pn = 350 p.s.i.; A not limited. 

Shear .—Maximum reaction = 20 X (77/96) = 16 k. Anticipating a beam 
depth not less than f X 19 in., the effective vertical shearing force, V = 0.4 X 16 
= 6.4 k. (Art. 201). Ar = 1.5-X 6400/80 = 120 in .2 

Flexure.—M = 16 X 19 = 304 in.-k.; Sr = 304/1.28 = 237 in.^ Try a 
10 X 14-in. beam (S4S). A = 128.3 in.2; S = 288.6 in.® As the load is dis¬ 
tributed by a plate washer, the critical section for shearing stress is not where 
the bolt hole passes through the beam, whereas the critical section for moment 


is at this point, and the effective section modulus is 289 X 


9.5 - 1.5 


9.5 


243 in.®, 


which is adequate. 

Use a 10 X 14-in. beam (S4S). 

Design of Washer .—Bearing area required = 20,000/350 = 57.1 in.2 Use 
a plate 8 in. square. Actual bearing stress, neglecting the area of the hole 
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= 20,000/64 - 312.5 p.s.i. 
required see Art. 55. 


t = 


For the determination of the thickness of plate 


^4 


3 X 312.5 

20,000 


0.65 in. 


Use a plate washer 8 in. X 8 in. X f in. with a l^in. hole. 

207. Capacity of a Continuous Beam.—^A beam 8 X 12 in., actual dimen¬ 
sions, is continuous over two 10-ft. spans. Find the safe superimposed load per 
lineal foot which this beam would carry, as determined by the extreme fibre 
stress in flexure. Consider that the timber weighs 48 lb. per cu. ft. and that 
the allowable fibre stress in bending, p/ = 1600 p.s.i. 

The section modulus, S = 192 in.^ 

From Eq. (4), Art. 72, the safe moment M = S X Pf = 192 X 1600 in.-lb. 

For this condition of support the value of C in Eq. (1), Art. 72, is 8, and M « 
Wl/S = 192 X 1600 in.-lb. This gives IF = (8 X 192 X 1600)/(10 X 12) = 
20,500 lb. on the 10-ft. span. The load per lineal foot would be 2050 lb., and 
since the section weighs (8 X 12)/(144) X 48 = 32 p.l.f., the permitted super¬ 
imposed load, according to the flexural-stress limitation stated, is 2050 — 32 = 
2018 p.l.f. The determination of the capacity of this beam, as limited by the 
permitted stress in shear, is not included in this example. 

208. SxiflBiciency of a Wooden Floor for Flexure and Deflection.—^The 
flooring in a mill construction building consists of a 4-in. (3|-in. dressed) spruce 
under floor and a 1-in. (|-in. dressed) maple wearing floor. If the span is 10 ft. 
and the live load is 125 p.s.f., report on the sufficiency of the under floor 
for flexure and deflection. Permissible stress in flexure, p/ = 880 p.s.i. 
E = 1,200,000 p.s.i. Maximum allowable deflection = 1/300 of span. Weight 
of timber = 4 lb. per ft. B.M. Assume under floor as in 10-ft. lengths, with 
joints at supporting beams. 

Loading, —With an under floor of a nominal thickness of 4 in. (3f in. actual), 
the weight of under and wearing floors combined is (3.625 + 0.875) X 4 = 18 
p.s.f. Adding the live load, the total load is 18 -|- 125 = 143 p.s.f. 

Flexure. —^As no restraint is possible at the supports of the under floor, 
owing to the discontinuity of the flooring at these points, the maximum moment 
in a strip 1 ft. wide is | wl^ = I X 143 X (10)^ X 12 = 21,450 in.-lb. Section 
modulus of 1-ft. strip is ^ X 12 X (3.625)^ = 26.3 in.® Existing flexural 
stress, Eq. (3a), Art. 72,// = 21,450/26.3 = 817 p.s.i. This is within the allow¬ 
able limit of 880 p.s.i. 

Deflection. —Total load on a 1-ft. strip 10 ft. in span = 10 X 143 = 1430 lb. 
No increase in the dead load has been made for calculating deflection. Moment 
of inertia of 1-ft. strip is X 12 X (3.625)® = 47.7 in.^ Maximum deflection, 
from Eq. (17), Art. 72, is 


A 


5 1430 X (10 X 12)® 

384 * 1,200,000 X 47.7 


0.562 in. 


Allowable deflection is only 120/300 = 0.40 in., and hence the deflection 
under maximum loading is greater than that allowed. 
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209. Design of Modified Mill Construction Interior Floor Panel.—Design 
an interior floor panel of beam and girder modified mill construction for a panel 
14 X 16 ft. Beams are to be supported on hangers and on post caps and are 
to be framed flush on top with the girders. No ceiUng. 

Loads, —Live load, 100 p.s.f. Dead 
load, weight of timber, 40 lb. per cu. ft. 

Materials, —Beams and girders, 
Douglas fir (S4S); under floor T. and G. 
spruce, dressed both sides; wearing floor 
1-in. T. and G. maple, dressed both sides. 

Specifications, —N.L.M.A. Spec. For 
permissible stresses and moduli of elas¬ 
ticity, see Table 23. Deflection of floor¬ 
ing, beams or girders are not to exceed 
Z/250. In calculating deflections, in¬ 
crease dead loads by one-third. For 
reasons of fire resistance, dressed under 
floor is to be not less than Ig in. thick. 

Layout. —To minimize the girder 
depth, run the girders in the 14-ft. direc¬ 
tion. Place beams at the third-points 
and at the columns, as shown in Fig. 
129. 

Flooring Loads. —Assuming a 2-in. 
plank under floor, the dead load = xSd 
+ if) = 8.33 p.s.f. Live load = 100 
p.s.f. Total load, w = 108.33, say 109 
p.s.f. 

Flooring Flexvre. —Since the plank 
flooring will extend over several spans, 
consider the moment to be 0.80 times that for a simple beam. M — wF/10 = 
(109 X 4.672 X 12)/10 = 2850 in.Ah.; Sr = 2850/1200 = 2.38 in.^ 

Try 2-in. plank, /S = 12 X (lf)V6 = 5.29 in.® > 2.38 in.® 

3 4 67 X 109 

Flooring Shear,—fa = - --^— = 19.6 p.s.i. > 95 p.s.i. 

2 2 X 12 X 1.625 

Flooring Deflection. —Deflection must not exceed Z/250 = 56/250 = 0.22 in. 
In calculating deflection the dead load is increased by one-third; hence 
W = 4.67[100 + (1.33 X 8.33)] = 520 lb. From Eq. (17), Art. 72, 



Plan 




^Standard Hangers 
^Standard Post Caps^ 

Section 

Fig. 129. —Modified Mill Construction 
Interior Floor Panel. 


A = 


3.8 TTZ® 


3.8 X 520 X 56® 


384 El 384 X 1,200,000 X X 12 X (1.625) 


= 0.175 in. 


Use 2-in. plank floor. It is not less than the minimum thickness required, 
the section modulus provided is adequate, the shear stress is not more than 
the permissible shear stress, and the deflection is not more than the specified 
permissible deflection. 
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Beam Load ,—^Each beam spans 17 ft. and carries load from a strip of floor 
4.67 ft. wide. I = 17 ft. = 204 in. 

Live load = 100 p.s.f., or 100 X 4.67 = 467 p.Lf. 

Load due to flooring = 8.33 p.s.f., or 8.33 X 4.67 = 39 p.l.f. 

Estimated w'^i^t of beam = 24 p.l.f. 

Total dead load == 39 + 24 = 63 p.l.f. 

(467 + 63)Xir^2.^ 


Beam Flexure.—M = 


8 


8 


230/1.45 - 158.6 in.* 

Beam Shear ,—^Assuming the beam to be 12 in. deep, V = (467 + 63) 
(8.5 - 1.0) = 3970 lb.; Ar = | X (3970/120) = 49.6 in.^ 

Try an 8 X 12-in. beam (S4S) which weighs 23.9 p.l.f.; A = 86.3 in.^; 
S = 165 in.*; 1 - 951 in.^ 

Beam Deflection .—Deflection must not exceed Z/250 = (17 X 12)/250 = 
0.82 in. In calculating deflection, increase dead load by one-third. Use Eq. 
(17), Art. 72. 


zi = 


5 X 17(467 + 1.33 X 63) X (204)* 
384 X 1.6 X 10* X 951 


= 0.68 in. > 0.82 in. 


Use an 8 X 12-in. beam. 

Girder Loads. —Each girder is a simple beam of 14-ft. span, carrying, in 
addition to its own weight, equal concentrated loads at the third-points. 
/ = 14 ft. = 168 in. 

Each concentrated load consists of the sum of the reactions of the two beams 
framing into the girder from opposite sides. If the adjacent panels are 
the same size as the one considered, P = (467 -j- 63) X 17 = 9010 lb. For 
calculating deflections the dead load is increased by one-third, and P = 
(467 + 63 X 1.33) X 17 = 9370 lb. Estimated weight of girder = 40 p.l.f. 

Girder Flexure, —The maximum moment will occur at mid-span and will be 
M = (J X 40 X 142 X 12) + (9010 X 56) = 516.3 in.-k.; Sr = 516.3/1.45 = 
356 in.* 

Girder Shear. —The critical shear wdll occur at a distance from the support 
equal to the depth of the beam. V = 9010 + 40 X (7 — 1.33) = 9237 lb.; 
A = I X (9237/120) = 115.5 in,2 

Try a 10 X 16-in. beam (S4S), wdiich w’eighs 35.6 p.l.f.; A = 147.3 in.2; 
S — 380.4 in.*; 7 = 2948 in.^ Both the section modulus and the area are ade¬ 
quate, and the weight is slightly less than was estimated. 

Girder Deflection. —Maximum allowable deflection = Z/250 = 168/250 = 
0.67 in. The maximum deflection will occur at mid-span, and the effects of the 
uniformly distributed load and of the concentrated loads will be calculated 
separately and then added. Use Eq. (17), Art. 72. Increase dead loads by 
one-third. 

^ _ 5 (35.6 X 1.33 X 14) X (168)* 23 2 X 9370 X (168)* 

384 * 1.6 X 10* X 2948 1296 ’ 1.6 X 10* X 2948 

= 0.0087 + 0.333 = 0.342 in. > 0.67 in. 
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Use a 10 X lO-in. girder. 

Details ,—The general character of the details is shown in Fig. 129. Com¬ 
mercial joist hangers connect beams to girders, except at columns, where steel 
post caps receive the beam ends. 

To ensure an adequate tie across the building in the direction of the beams, 
deep ridges on the stirrups where the beams rest in them should be provided; 
or in lieu of such ridges, f-in. steel dogs, or 2 X i-in. straps, properly attached, 
should be carried across the top of the girder from each joist or beam to the one 
opposite. 

210. Design of a Timber Rafter.—^Design a rectangular timber rafter securely 
fastened to purlins at each end and inclined at an angle of 30° with the hori¬ 



zontal. See Fig. 130. The span parallel to the roof slope is 10 ft. 6 in. / = 10.5 
ft. = 126 in. Use Douglas fir and C.N.B.C. Spec.; p = 1280 p.s.i.; p, = 80 
p.s.i.; F = 1.6 X 10® p.s.i.; allowable deflection normal to the roof = ?/250; 
increase dead load by one-third in calculating deflections. Wlien wind effects 
are included, the permitted stresses and deflection may be increased by one- 
quarter. 

Loads, —^Wind load = 15 p.s.f. pressure normal to the plane of the roof. 
Snow load = 21 p.s.f. of roof surface. Sheathing and shingles = 4 p.s.f. of roof 
surface. Estimated weight of rafter = 3 p.l.f. 

Considering the rafters to be spaced 24 in., centre to centre, each one will 
be loaded with a strip of roof 2 ft. wide. Wind load = 2 X 15 = 30 p.l.f. Verti¬ 
cal load = 2 X (21 -b 4) + 3 = 53 p.l.f. Component of gravity load normal 
to roof, as shown in Fig. 130. ic = 53 X cos 30° = 53 X 0.866 = 45.9 p.l.f. 
Total load normal to roof = 45.9 + 30 = 75.9 p.l.f., of which (2 X 4 -f- 3) 
X 0.866 = 9.6 p.l.f. is dead load. For deflection calculations, total load normal 
to roof, W = 10.5 X (75.9 + § X 9.6) = 830 lb. 
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Assumptions. —Consider the component of vertical forces parallel to the 
roof as resisted wholly by the rafter and divided equally between the two sup¬ 
porting purlins. 

Flexure. —Total load normal to roof == 75.9 p.l.f. Since the rafters are not 
continuous over several spans, they must be calculated as simple beams. 

Af = — = i X 75.9 X (10.5)2 X 12 = 12,560 in.-lb.; Sr = ’ - 

" 8 1280 X 1.25 

7.86 in.2 

Try a 2 X 6 (S4S) weighing 2.54 p.l.f.: A = 9.14 in.^; S = 8.57 in.^; I = 24.1 
in.^ Investigate the moment arising from the eccentricity of the tangential 
force. Pt = 10.5 X 53 X sin 30° = 278 lb. The tangential reaction at each 
purlin is 278/2 = 139 lb. The normal reaction at each purlin due to this force 
is Pih/l = 278 X 5.5/126 = 12.1 lb., a positive reaction at the lower end of 
the rafter and a negative reaction at the higher end. The moment produced 
by these forces varies in a straight-line relation from = 139 X 5.5/2 = —382 
in.-lb. at the lower end of the rafter to +382 in.-lb. at the higher end, and is 
zero at mid-span. Consequently at mid-span, which is the critical section, the 
moment to be considered in design is 12,560 + 0 = 12,560 in.-lb. 

Shear. —Shear force at the critical section, V = 12.1 + 75.9 X (5.25 — 0.5) 
3 F 3 373 

= 373 lb. ;/« = -•“=- X — = 61.2 p.s.i. > 1.25 X 80 p.s.i. 

2 A 2 9.14 

Longitudinal Force. —The elements of loading producing the thrust reaction 
at the lower end of the rafter produce compressive stresses gradually increasing 
from zero at the upper end to a maximum at tlie lower end, while those pro 
ducing the tensile reaction at the upper end create tensile stresses gradually 
increasing towards the upper end. As a result, the axial stress is zero at the 
mid-span of the rafter, where the flexural stress is a maximum, as shown in 
Fig. 130. 

Deflection. —Allowable deflection = Z/250 = 126/250 = 0.50 in. Using 
Eq. (17), Art. 72, 


5 ~ WF 
384* El 


5 

384 


830 X (126)« 
1,6 X 106 X 24.1 


= 0.56 in. > 1.25 X 0.50 in. 


Use a 2 X 6-in. rafter. 

211. Timber Purlin Subjected to Unsymmetrical Bending.—Design a rec*- 
tangular timber purlin carrying a temporary corrugated steel roof of | pitch. 
See Fig. 131. Span of purlin, 16 ft. centre to centre of trusses; spacing of purlins, 
4.5 ft. centre to centre. Use hemlock and C.N.B.C. Spec.: p/ = 880 p.s.i.; 
Pt = 64 p.s.i. When wind effects are included, these stresses may be increased 
by one-quarter. Deflection is not limited. 

Loads .—^Wind load = 22 p.s.f. pressure normal to the roof surface. Snow 
load = 10 p.s.f. of roof surface. Roof sheathing = 2.5 p.s.f. Estimated weight 
of purlin = 17.5 p.l.f. Each purlin is loaded with a strip of roof 4.5 ft. wide. 
Wind load = 4.5 X 22 = 99 p.l.f. Gravity load = 4.5 X (10 + 2.5) + 17.5 
= 73.8 p.l.f. Component of vertical load normal to roof = 73.8 cos 33° 41' 
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= 73.8 X 0.836 == 61.7 p.l.f. Total normal loading = 99 + 61.7 = 160.7 p.l.f. 
Component of vertical load parallel to roof = 73.8 sin 33° 41' = 73.8 X 0.555 
= 41 p.l.f. 

Flexure ,—Maximum moment normal to roof, assuming purlins as simple 


span beams, is = 


wl^ 160.7 X (16)2 X 12 


8 


8 


= 61.7 in.~k. Maximum 


moment in the plane of the roof is My = — = 


wP 41 X (16)2 X 12 


Considering only Mx, Sx required = 


8 
61.7 


0.880 X 1.25 


8 

= 56.1 in.3 


= 15.7 in.-k. 



Try a section 6 X 10 (S4S), with a section modulus considerably in excess 
of this to provide for stress produced by My. Weight = 14.5 p.l.f.; A = 52.25 
in.2; Sx = 82.73 in.^; Sy^\X 9.5 X (5.5)2 ^ 47 9 

Extreme fibre stress due to Mx, / = Mx/Sx — 61,700/82.73 = 745 p.s.i. 

Extreme fibre stress due to My, / = My/Sy = 15,700/47.9 = 327 p.s.i. 

Maximum combined compressive stress at A or tensile stress at B, 
M M 

/ = = 745 + 327 = 1072 p.s.i. > 1.25 X 880 p.s.i. 

Sx Sy 

Shear .—Total normal loading = 160.7 p.l.f. Critical section for shear is 
10 in. from the support, and the shearing force at this section is F = 160.7 
X (8 — 0.833) = 1150 lb. Maximum shearing stress due to normal load 
/, = 1.5F/A = 1.5 X 1150/52.25 = 33 p.s.i. > 1.25 X 64 p.s.i. The assumed 
section is adequate to provide for both this and the shearing stress arising from 
the tangential loading. 

There is a torsional moment on the purlin due to the tangential force acting 
in the plane of the top of the purlin and not through the centroid of the section. 
This produces torsional shearing stresses, which, however, are sufficiently pro¬ 
vided for in the section assumed. 

Use a 6 X 10-in. purlin. 
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212. Design of Plank Decking for a Flat Roof.—Design plank decking to 
support a flat roof, the spacing of the purlins being 6 ft. Use spruce, N.L.M.A. 
Spec.; Vs == L15 X 1200 p.s.i.; ^ = 1.2 X 10® p.s.i.; A > 1.15 //250. 

Loading, —Snow = 40 p.s.f.; felt and pitch and gravel roofing = 6.5 p.s.f.; 
estimated weight of deck = 6 p.s.f. Total load, w = 52.5 p.s.f. 

Flexure, —Since the planks will be continuous over several spans, the moment, 

M = — = = 2270 in.-lb. per ft. width of deck. Try 2-m. 

10 10 

(nominal) planks tongued and grooved. Per foot width of deck, 6 = 12 in.; 
h = 1.625 in.; = i X 12 X (1.625)2 = 5.28 in.^; / = X 12 X (1.625)» 
= 4.29 in.4 // = 2270/5.28 = 430 p.s.i. > 1.15 X 1200 p.s.i. 

Deflection. —Maximum permissible deflection is 1.15 X 6 X 12/250 = 0.33 
in. Increase dead load by one-third. According to Eq. (17), Art. 72, 


A = 


3.8 

384 


WF 

El 


3.8 

384 


(52.5 + 4.2) X 6 X (6 X 12)8 


= 0.243 in. > 0.33 in. 


1.2 X 10® X 4.29 

Shear. —Shearing stresses are negligible. 

Use 2-in. (nominal) T. and G. planks weighing 40 X 1.625/12 = 5.4 p.s.f., 
which is close to the estimated 6 p.s.f. 

213. Investigation of Roof Sheathing.—Investigate the sufficiency of timber 
sheathing supported by roof joists spaced 24 in. apart. The plane of the 
roof makes an angle of 21® 50' with the horizontal. The material is tongued 
and grooved spruce having an actual thickness of 0.75 in. Per foot width of 
sheathing, A = 12 X 0.75 = 9.0 in.^; .8 = 12 X (0.75)2/6 = 1.12 in.^; 7 = 12 X 
(0.75)8/12 = 0.422 in.® 

Consider p = p.s.i.; E = 1.2 X 10® p.s.i.; A > ^/250. 

Loading. —Snow = 23 p.s.f.; roofing = 3 p.s.f.; sheathing = 2.5 p.s.f. Total 
vertical load = 28,5 p.s.f. Total load normal to the plane of the roof, w = 28.5 
X cos 21° 50' = 28.5 X 0.93 = 26.5 p.s.f. Wind loading is not included in this 
example, as its effect on flexural stress and deflection would not be as great as the 
corresponding increase in stress and deflection which would be permitted when 
wind effects are included. 


Flexure.—M = 


wl^ 26.5 X (2)2 X 12 


10 


10 


= 127 in.-lb.; // = = 114p.s.i. 

^ 1.12 ^ 


> 880 p.s.i. 

Dejlection .—Maximum permissible A = 24/250 = 0.096 in. According to 
Eq. (17), Art. 72, 


3.8 WF ^ 3. 
384 ^ El 384 


2 X 26.5 X (24)8 
1.2 X 10® X 0.422 


= 0.0143 in. > 0.096 in. 


Shear .—Shearing stresses are negligible. 

The sheathing is not overstressed in flexure, and the deflection is well below 
the permissible. 

214. Exercise Problems on Timber Beams.—The following exercise prob¬ 
lems are based on the problems solved in this chapter. In certain examples, 
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specifications other than C.N.B.C. Spec, or N.L.M.A. Spec, have been used. 
See Appendix I for the answers. 

(1) Design a timber beam (use nominal dimensions) for a span of 8 ft. centre to 
centre to carry a total uniformly distributed load of 1260 p.Lf. p/ — 1400 p.s.i.; 
Pa = 100 p.s.i. 

(2) A timber beam 8 by 12 in., 10 ft. long, carries a total uniformly distributed 
load, including its own weight, of 2000 p.l.f. Express an opinion as to the safety of 
the beam against longitudinal shear if p, = 120 p.s.i. 

(3) An 8 X 12-in. timber beam of 15-ft. span carries a concentrated load of 
9000 lb. at a point 5 ft. from one end. Report on the safety of the beam in longi¬ 
tudinal shear if p, = 120 p.s.i. 

(4) Two perfectly smooth planks 3 X 12 in. are placed flat on each other, and 
the combination is made to span an opening of 10 ft. What is the maximum flexural 
stress in the timber due to a central load of 500 lb.? Neglect the weight of the 
planks. 

(5) Design a cantilever beam of rough (undressed) timber to project 5 ft. out 
from a wall and carry 1000 p.l.f., including its own weight, p/ = 1500 p.s.i.; p, 110 
p.s.i. 

(6) Two children, each weighing 80 lb., use a 2 X 6-in. rough plank 12 ft. long 
as a seesaw. Is it safe? p/ — 1800 p.s.i. 

(7) Design a timber beam 15 ft. long to carry a total uniformly distributed load, 
including the weight of the beam, of 140 p.l.f. Use hemlock, C.N.B.C. Spec. 

(8) Design a beam of 18-ft. span, using dressed dimensions, if the beam is re¬ 
strained at both ends and carries a total load, including its own weight, of 1200 p.l.f. 
Use Douglas fir, N.L.M.A. Spec. 

(9) A 6 X 12-in. Douglas fir beam 10 ft. long is fixed at one end and supported 
on a roller at the other. What is the maximum total safe load per lin(‘al foot, includ¬ 
ing the weight of the beam, if p/ = 1200 p.s.i. and p« = 120 p.s.i.? 

(10) A yellow pine beam carrying a total load of 1000 p.l.f. uniformly distributed 
is built rigidly into a wall at one end and at the other end rests on a roller 10 ft. from 
the wall. Recommend a size for the beam if p/ = 1200 p.s.i. and p* = 100 p.s.i. 

(11) A timber beam is supported on two piers 10 ft. apart centre to centre and 
overhangs at each end a distance of 3 ft. The load to be carried, including the weight 
of the beam, is 1200 p.Lf. Assuming nominal dimensions, suggest a size for the 
beam, p/ = 1100 p.s.i.; p, = 90 p.s.i. 

(12) An 8 X 12-in. timber beam of lO-ft. span freely supported at the ends is 
loaded with a uniformly distributed load, including its own weight, of 1500 p.l.f. 
and bears a centric axial compression of 10,000 lb. What is the maximum fibre 
stress due to the combination of loading? 

(13) What is the maximum intensity of longitudinal shearing stress in a timber 
beam 8 by 12 in. and 15 ft. long, carrying a concentrated load of 6000 lb. at 6 ft. 
from one end? Neglect the weight of the beam. 

(14) Find the maximum intensity of shearing stress in a 6 X 8-in. timber beam 
12 ft. long, carrying one concentrated load of 5000 lb. at a point 4 ft. from one end. 
Weight of timber, 4 lb. per ft. B.M. 

(15) What is the intensity of the vertical shearing stress at one-quarter of the 
depth of an 8 X 12-in. wooden beam if the total vertical shear at the cross section 
is 12 k.? 

(16) The cross section of a beam subjected to vertical loading is an equilateral 
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triangle having 12-in. sides. Find the intensity of ^shearing stress on a plane at the 
mid-depth of the beam if one of the sides is horizontal. I » bh^/3Qt where h is the 
base and h is the height of the triangle. F = 4A;. 

(17) A Douglas fir beam 6 X 12 in. (S4S) rests on three supports separated by 
two spaces of 10 ft. The superimposed load is 1250 p.l.f. for the full length of the 
beam. Report on the safety of the beam as indicated by N.L.M.A. Spec. 

(18) A floor panel in a mill construction building is 15 ft. square. If the live load 
is 175 p.s.f.y suggest an arrangement of beams and girders and determine the thick¬ 
ness of the under floor. Average weight of timber =» 4 lb. per ft. B.M. Top flooring 
of 1-in. maple. Permissible bending stress = 1100 p.s.i. Maximum moment on 
flooring, A of that for a simply supported beam. Deflection not limited. 

(19) The under floor of a mill construction building has an actual thickness of 
2 | in. It spans an opening of 8 ft. and carries a total uniformly distributed load, 
including its own weight, of 100 p.s.f. Report on its sufficiency if p/ = 1200 p.s.i. 
and E for the combined loading = 1,400,000 p.s.i. Neglect end restraint. Maximum 
allowable deflection is 1/360 of the span. 

(20) The under floor of a mill construction building is Douglas fir of 2f in. actual 
thickness. It carries a total uniformly distributed dead load of 16 p.s.f. and a uni¬ 
formly distributed live load of 100 p.s.f. The spacing of joists is 7 ft. centre to 
centre. Report on the sufficiency of the flooring. C.N.B.C. Spec.; deflection 

> //300; increase dead loads by one-third when calculating deflection; neglect end 
restraint. 

(21) The panels of a mill construction floor are 14 ft. square, and beams head 
into the girders at the centre point and at columns only. If the total uniformly 
distributed load, including the weight of the beams, is 120 p.s.f., suggest a size for 
the beams (not the girders) to satisfy flexural requirements, p/ = 1500 p.s.i. Neg¬ 
lect deflection. 

(22) The panels of a mill construction floor are 15 ft. square and beams head 
into the girders at the third-points and also into the columns. If the total uniformly 
distributed load above the tops of the beams is 100 p.s.f., suggest a size for the beams 
(not the girders). Use Douglas fir dressed dimensions; N.L.M.A. Spec.; deflection 

> //300. 

(23) In a roof the sheathing is laid directly on rafters spaced 2J ft. centres. The 
rafters have a span of 10 ft. up the slope and are inclined at 30 deg. to the horizontal. 
Find the moment in a rafter due to a coating of 3 in. of ice on the roof. Weight of 
ice ** 57 lb. per cu. ft. Neglect end restraint and tangential effect. 

(24) The covering of a roof consists of slates weighing 8 p.s.f. of sloping area. 
The snow weighs 10 p.s.f. of horizontal projection, and the wind pressure normal to 
the roof surface is 20 p.s.f. Suggest a thickness for the wooden roof sheathing, if 
the purlins are spaced 4 ft. centre to centre and p/ = 1600 p.s.i. Maximum permis¬ 
sible deflection = 1/300 of span. E =* 1,400,000. Slope of roof = 30 deg. Weight 
of timber = 4 lb. per ft. B.M. Consider moment as A of that for a simple 
beam. 

(25) Timber rafters, sloping 1 in 2 to the horizontal, are spaced 28 in. centres 
and span 11 ft. They support roof sheathing and covering, weighing together 9 p.s.f. 
of sloping area of roof. The snow load is 15 p.s.f. of horizontal projection, and the 


wind pressure normal to the roof surface is 30 • 


2 sin a 
1 + sin^ a 


p.s.f., where a is the 


angle in degrees which the roof surface makes with the horizontal. What is the 
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maximum moment in a rafter due to these weights and forces, assuming it as freely 
supported at the ends? Neglect tangential effects and the weight of the rafter. 

(26) Timber purlins spaced 4 ft. centres in a roof having a slope of 20 deg. to 
the horizontal support wood sheathing so fastened at the ridge and at the eaves as 
to relieve the purlins of load tangential to the roof. The sheathing and roof covering 
weigh 12 p.s.f. of sloping area. Ice 2 in. thick covers the roof, and a normal wind 
force estimated at 18 p.s.f. of sloping area is acting. What size of purlin (use dressed 
dimensions) will satisfy the moment re(iuirements? Truss spacing 15 ft. Neglect 
end restraint, p/ = 1600 p.s.i. Weight of ice, 57 lb. per cu. ft. Weight of timber, 
4 lb. per ft. B.M. 



CHAPTER XVI 


TIMBER ROOF FRAMING 

215. Design of a Flat Roof.—Design a framing system for a flat roof, includ¬ 
ing decking, purlins and a ring-connected double Warren truss as shown in 
Fig. 133. 

Dimensions. —Span, 48 ft., centre to centre of supports; spacing 15 ft. centre 
to centre of trusses; 4-in. SR and 4 -in. bolts will be used for all connections. 

Material. —Decking and purlins, spruce; truss timber, Douglas fir. 

Permissible Stresses. —N.L.M.A. Spec. 

Loading. —Snow = 40 p.s.f. of roof surface; felt, pitch and gravel roofing = 

6.5 p.s.f.; weight of timber = 40 lb. per cu. ft. 

Select a depth of truss centre to centre of chords, of 6 ft., which is one-eighth 
the span, and use a double Warren web system dividing the 48-ft. span into 
8 panels. This gives an angle between the diagonals and the chords of 45°, 
subject to minor variations at certain joints in order to obtain the optimum 
arrangement of connectors at the joint. See Fig. 133. Locate purlins at the 
panel points of the truss, so that no bending stress is produced in the top chord 

Design of Decking. —Span, ^ = 6 ft.; = 40 + 6.5 + 6.0 (estimated) = 

52.5 p.s.f. See Art. 212 . Use 2-in. T. and G. plank decking. 

Design of Purlins. —Span, I = 15 ft.; w = 6 X 52.5 + 15.0 (estimated) = 
330 p.l.f. See Art. 204. Use a 6 X 10 -in. purlin. 

Analysis of Truss. —Snow load = 40 p.s.f.; panel point load = 40 X 15 X 6 
= 3.6 k. Dead load = 6.5 (roofing) + 6.0 (decking) + 2.5 (purlins) + 3.5 
(estimated for truss) = 18.5 p.s.f.; panel point load = 18.5 X 15 X 6 = 1.66 
k. The end })anel point loads are one-half the above values. 

The dead load will act on the whole span, while the snow loading may occur 
on all or any part of the roof. For certain web members the critical condition 
of loading occurs when a part of the roof is not loaded. Since the error involved 
is slight the condition of loading anticipated is with the full snow panel point 
load acting at all or any selection of the intermediate panel points of the truss. 

The double Warren truss is statically indeterminate, and the commonly 
accepted approximate solution is used. In this method the truss is divided 
into two component trusses, A and B, each of which is analysed as a statically 
determinate truss. By superimposing the stresses so determined, the stresses 
in the vario\is members of the original double Warren truss are obtained. See 
Fig. 132 and Table 32 for the stress analysis. 

Design of Top Chord. — P = 39.4 k.; / ~ 72 in. To simplify connections use 
a twin-leaf section. See Arts. 191 and 192. Without intermediate spacer blocks 
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a section of two 3 X 12 in. (S4S) would be required to support the load of 
39.4 k., while two 3 X 8 in. (S4S) would not be overstressed if intermediate 
spacer blocks were used. Consideration of the joint details indicates that the 
7|-in. face would be undesirable, whereas a 9|-in. face would be satisfactory. 
See Art. 193. A member consisting of two 3 X 10 in. (S4S) without inter¬ 
mediate spacer blocks has a capacity of 34.9 k. This would be satisfactory for 
all except the panels adjacent to the mid-span of the truss. Provide inter¬ 
mediate spacer blocks in these panels, and the capacity will be higher than 
39.4 k. See Art. 191. . 


Uo U, U2 U3 U4 Us Us U7 Ua 



Stress Diagrams Scale in Kips ? .^^ 

Fig. 132. —Stress Analysis of a Double Warren Roof Truss. 


Use a section of two 3 X 10 in. (S4S) for the full length of the top chord. 
See Art. 196 for splice. 

Design of Bottom Chord.—P = 42.0 k. According to Art. 181, a section of 
two 3 X 8 in. (S4S) would not be overstressed, but the 7^-in. face would be too 
narrow for a simple joint detail for connecting the web members to a chord of 
this truss. 

Use two 3 X 10 in. (S4S) for the full length of the bottom chord. 

In Art. 181 a splice is designed for a load of 42 k., which is the tension in 
panels L 3 L 4 and Z/ 4 L 5 . In consideration of available lengths of timber, the 
bottom chord is spliced in panels L 2 L 3 and LsLe, where the load is 36.8 k. The 
inside splice piece is 3| X 9| in. because of the thickness of the inside web 
members. The number of rings required is 36.8/6.48 = 5.68. Using 2 bolts 
with 4 rings on each, the efficiency required is 5.68/8 = 71%. 

From Fig. 119 it is seen that the end distance required = 4f in., and that 
the spacing required = 5 in. For simplicity of dimensions use an end distance 
of 6 in. and a spacing of 6 in., as shown in Fig. 133. 
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TABLE 32 , 

Stresses in Members, in Kips 

(See Fig. 132 for Designation of Members and Loading Conditions) 


Member 

Dead Load 

Snow Loading 

Design 

Load 

Length, 

Inches 

Section 

A 

B 

1 

2 

3 

4 

5 

UoUi 

-2.5 

0 

-5.4 





-7.9 

72 

2(3 X 10) 

U1U2 

-2.5 

-5.0 

-5.4 


-10.8 



-23.7 

72 

2(3 X 10) 

U2U3 

-5.8 

-5.0 

-12.6 


-10.8 



-34.2 

72 

2(3 X 10) 

U3U4 

-5.8 

-6.6 

-12.6 


-14.4 



-39.4 

72 

2(3 X 10) 

LqLi 

0 

+3.3 

0 


+7.2 



+ 10 . 5 ' 

72 

2(3 X 10) 

L1L2 

-1-5.0 

+3.3 

+ 10.8 


+7.2 



+26.3 

72 

2(3 X 10) 

L2L3 

-f5.0 

+6.6 

-f-10.8 


+ 14.4 



+36.8 

72 

2(3 X 10) 

L^Li 

-f6.6 

+6.6 

+ 14.4 


4-14.4 



+42.0 

72 

2(3 X 10) 

UoLo 

-3.3 

0 

-7.2 





-10.5 

72 

1(4 X 10) 

UoLi 

4-3.5 


+7.6 

+3.8 




+ 11.1 

102 

2(2 X 6) 

UiLj 

4-3.5 


+7.6 

+6.4 







L1U2 

-3.5 


-7.6 

-3.8 




-11.1 

102 

1(4 X 6) 

LiUt 

-3.5 


-7.6 

-6.4 







UiLs 

+ 1.2 


+2.5 

+3.8 




+5.0 

102 

2(2 X 6) 


+ 1.2 


+2.5 

+ 1.3 







LiUi 

-1.2 


-2.5 

-3.8 




-5.0 

102 

1(4 X 6) 

LtUi 

-1.2 


-2.5 

-1.3 







LoUi 


-4.7 



-10.2 

-5.7 

-2.5 

-14.9 

102 

1(4 X 8) 

L^Uj 


-4.7 



-10.2 

-9.5 

-7.6 




UiLi 


+2.4 



+5.1 

+5.7 

+2.5 

+8.1 

102 

2(2 X 6) 

UjLe 


+2.4 



4-5.1 

+4.5 

4-2.5 




LzUz 


-2.4 



-5.1 

-5.7 

-2.5 

-8.1 

102 

1(4 X 6) 

UUi 


-2.4 



-5.1 

-4.5 

-2.5 




UzLi 


0 



0 

+0.6 

+2.5 

±2.5 

102 

2(2 X 6) 

UzLi 


0 



0 

-0.6 

-2.5 


I 



Note: -|“ =* tension; — =» compression. 

Dead-load stresses A are stresses due to snow loading, 1 multiplied by 18.5/40. Dead-load stresses 
B are stresses due to snow loading, 3 multiplied by 18.5/40. Nominal size given for sections; all mem¬ 
bers to be S4S. 


An alternative splice could be used with 6 SR on both sides of the splice 
(2 on one bolt and 4 on the other) and standard end distance and spacing. This 
would require only 12 SR for the splice instead of 16, while the timber splice 
pieces would be 10 in. longer. The difference in cost would be small. 

Design of End Compression Diagonal. — P = 14.9 k.; Z = 102 in. See Art. 
187. Use 4 X 8 in. (S4S). 

Design of Other Compression Diagonals. —Since the end compression diagonal 
is 3f in. thick, the chords will be spaced 3f in. apart, and all the other diago¬ 
nals will be made this thickness. The minimum width of face for 4-in. SR 
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Fig 133 —Details of a 48-ft -Span Double Warren Roof Truss 
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connectors is in., so each of these members will be 4 X 6 (S4S). See Art. 187 
for design procedure. 

Design of Tension Diagonals, —See Art. 182. For each tension diagonal 
use two 2 X 6in. (S4S). The capacity of this section is 15.5 k., whereas the 
most heavily loaded tension diagonal is subjected to a load of 11.1 k. The 
selection of the member is dictated by dimension requirements for the use of 
the SR connectors, as well as by the capacity of the member in tension. 

Joint Details, —Connections must be provided at all joints and splices to 
transfer the stresses between the various members. Fig. 133 illustrates the 
design of the truss with these details. For the connection of diagonals to the 
chords, 6 is 45°, and the safe load on an assembly of 1 bolt and 2 rings with 
standard end and edge distances, considering that rings will be opposite in both 
faces of the 2g-in. chord members, is 

2 X 1.15 X 4.66 X 0.858 X 0.983/(0.50 + 0.697 X 0.50) = 10.64 k. (Art. 173) 

It should be repeated that these values are determined more readily by using 
the Teco Design Manual. The design loads in most of the diagonals are less 
than 10.64 k., and the connection used is 1 bolt and 2 rings. For joints where 
this connection is inadequate, an analysis considering multiple assembUes is 
required. 

A study of the loads applied to, and the capacities of, the connectors at 
joint Ui is given in Art. 197. 

216. Design of a Pitch Roof Using Triangular Pratt Trusses. —^Design a 
triangular Pratt roof truss, joists and sheathing. The trusses are supported 
by masonry walls, as shown in Fig. 135. 

Dimensions, —Span 48 ft., centre to centre of supports; height of truss at 
ridge, one-fifth of span = 9.6 ft., centre to centre of chords; spacing, 15 ft., 
centre to centre of trusses; slope of roof = tan~^ 0.40 = 21° 50'; cos 21° 50' = 
0.928; sec 21° 50' = 1.077. 

Material, —Sheathing and joists, spruce; truss timber, Douglas fir. 

Permissible Stresses, —C.N.B.C. Spec. 

Loading. —Snow = 23 p.s.f. of roof surface; roofing = 3.0 p.s.f. of roof 
surfaces; wind = 10 p.s.f. suction on windward slope and 9 p.s.f. suction on 
leeward slope; weight of timber = 40 lb. per cu. ft. 

Design of Sheathing, —In Art. 213 it is seen that J-in. sheathing supported 
on joists 24 in., centre to centre, has a capacity well above the roof loading in 
this example. However, a consideration of possible loading conditions during 
erection and repairs suggests that joists should be spaced not further apart 
than 24 in., and that f in. is the minimum tliickness desirable. 

Use 2-in. sheathing on joists 24 in., centre to centre. 

Design of Joists, —Since the wind loading is suction, its effect on the joists 
would be to reduce the stresses produced by gravity loading, and consequently 
it would not be a factor in design. The component of the gravity loads normal 
to the plane of the roof is cos 21° 50' X the load on a 2-ft. strip of roof. 
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w = 0.928 X 2[23 (snow) + 3 (roofing) + 2.6 (sheathing) + 2.5 (estimate for 
joists)] = 58 p.l.f. See 205. 

Use 2 X 10-in. (S4S) joists spaced 24 in., centre to centre. 

Analysis of Truss ,—The critical condition of loading occurs when the span 
is fully loaded with snow. Wind effects, in this specification, being suction, 
would reduce the stresses produced by gravity loading and are not included. 
Estimating the weight of the truss to be 3.0 p.s.f. of roof surface, the total 
gravity load is (23 + 3 + 2.5 + 2.5 -f 3) = 34 p.s.f. Panel point load = 
1.077 X 6 X 15 X 34 =. 3.3 k. Fig. 134 shows a graphical solution for the 
stresses in the various members of the truss. 


3.3 



Fig. 134.—Stre&s Analysis of a Triangular Pratt Roof Truss. 


Design of a Top Chord .—With joists s^mccd at 24 in., centre to centre, there 
will be loads applied to the top chord between panel points, and the member 
will be subjected to bending moment as well as axial load. Considering the top 
chord as a continuous beam supported at the panel points, a reasonable approxi¬ 
mation for the bending moment is TFZ/IO, where W is the load in one panel 
normal to the plane of the roof, and I is the distance between panel points. 
M = 0.93 X 15 X 32 X (6 X 1.077)^ X = 22.3 in.-k. The value of 32 p.s.f. for 
the load is used, assuming one-third of the estimated weight of the truss to be in 
the top chord. In the most heavily loaded panel, the axial load, P = 31.1 k. The 
closely spaced joists will provide restraint against lateral buckling. See Art. 194. 

Use two 3 X 10 in. (S4S). 

Design of Bottom Chord.—P = 28.9 k. See Art. 179. 

Use two 3 X 8 in. (S4S). 

Design of Weh Members .—For the most heavily loaded diagonal the tension 
is 7.8 k. See .Art. 182. 
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For all diagonals use two 2 X 6 in. (S4S). 

For the most heavily loaded vertical the compression is 6.6 k.; unsupported 
length = 86.4 in. See Art. 186. 

For member use a 3 X 8 in. (S4S). 

For all other verticals use a 3 X 6 in. (S4S). 

Joint Details. —Fig. 135 illustrates the design of the roof, showing sheathing, 
joists, truss with splice and joint details. 


r.—.1 



Fig. 135.—Details of a 48-ft.-Span Triangular Pratt Roof Truss. 
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See Art. 198 for a study of joint L3. Since an assembly of 1 bolt and 4 SR is 
strong enough to connect the web members to the chord at this joint, it will 
also be satisfactory at the other joints, where the loads in the web members are 
smaller. 

For the top chord splice at the ridge a single splice piece between the chord 
members is used. Four bolts with 2 SR on each are required, 2 on each side of 
the ridge, to make the splice. Two of these bolts, one on each side of the ridge, 
with 2 additional SR on each are used to connect the web diagonals as well. 

For the bottom chord two 2 X 8-in. pieces are used, extending from Lz to 
Lb. The net area provided is adequate to withstand the tension of 16.5 k. in 
this member of the truss. 

217. Design of a Roof Using Glued-Laminated Tied Arches. —Design a 
roof, using glued-laminated tied arches, with the deck spanning between the 
arch ribs. The design and details are shown in Fig. 136. 

Dimensions. —Span, Z = 48 ft., centre to centre of supports. Select a para¬ 
bolic arch with a depth at mid-span, h = 6 ft., centre to centre of chords, which 
is one-eighth of the span. Select a spacing of 8 ft., centre to centre of arches, 
to suit 16-ft. lengths of decking. 

Material. —Use spruce for decking and arch rib laminations. 

Permissible Stresses. —N.L.M.A. Spec.; A not limited. 

Loading. —(All in pounds per s(|uare foot of horizontal projection of roof.) 
Snow = 40; roofing = 2; decking = 6; arch = 3. Each arch is loaded with 
an 8-ft. strip of roof, and the dead load is 8(2 -)- 6 + 3) = 88 p.l.f.; the snow 
load is 8 X 40 = 320 p.l.f. 

Design of Decking. —^Use 16-ft. lengths of T. and O. plank with the joints 
alternated at each supporting rib. Because of the continuity, the moment is 
taken as wP/li) = (40 + 2 + 6) X (8)^ X ^ = 3690 in.-lb.; Sr = 3690/1200 
= 3.01 in.® 

Use 2-in. (nominal) T. and G. plank. aS = 12 X (1.625)V6 = 5.28 in.® 

Analysis of Arch. —The shape of the arch is parabolic; consequently the 
moment produced by a uniformly distributed load over the whole span is zero 
at all points along the axis. The maximum tension in the tie and thrust in the 
arch occur with the span fully loaded. Tension in the tie, P — wP/S h — 
(320 + 88) X (48)V(8 X 6) = 19.6 k. The maximum thrust in the arch rib 
is at the support and is the resultant of the tension in the tie and the vertical 
reaction, P = \/(19.6)^ + (9.8)2 _ 21.9 k. 

Unsymmetrical loading causes moment as well as thrust in the arch rib, 
and the critical sections are at the quarter-points with snow load on one-half 
the span. Under this condition of loading, the moment at the crown is zero, 
the moment at the quarter-point on the loaded half of the span is +w;ZV64, 
and at the quarter-point on the unloaded half of the span it is — w;ZV64; M = 
320 X (48)Vfi4 = 11.5 ft.-k. = 138 in.-k. The thrust at these sections, con¬ 
sidering both dead load and snow load, is P = \/(11.9)^ -1- (2.98)^ = 12.25 k. 

The axial load of 12.25 k., accompanied by a bending moment of 138 in.-k., 
is a more severe condition of loading than an axial load of 21.9 k. Making the 
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rib of constant section throughout its length, the section must be such as to 
withstand safely an axial load of 12.25 k. and a bending moment of 138 in.-k. 

Try a section made up of nine laminations, each If X 5f in., giving overall 
dimensions of 5f X 14* in. Make butt joints of all laminations, and stagger 
these joints so that not more than one occurs at any section of the arch rib. 
Considering only eight of the laminations to be effective at a section where one 
of the exterior laminations is butt-joined, the effective section is 5f X 13 in.; 
A = 73.1 in.2; S = 158.3 in.* The rib is restrained against buckling in the 
plane of the roof by the decking and by a suitable arrangement of bracing. 
Considering the length of the compression member to be the straight-line dis¬ 
tance from the crown to a support, the l/d in the direction normal to the roof is 
24.7 X 12/14.625 = 20.2; pc = 785 p.s.i.; Pf = 1200 p.s.i. (Table 23). 
fc == 12,250/73.1 = 107 p.s.i.;fjpc - 167/785 = 0.213; 
ff = 138,000/158.3 = 872 p.s.i.;///p/ = 872/1200 = 0.727; 
fc/Pc +ff/Pf = 0.213 + 0.727 = 0.940 > 1. 

Use nine laminations if X 5| in., giving a section 5| X 14f in. 

Design of Tie.—P = 19.6 k. Using a steel-wire rope with open-type sockets, 
the tie can be readily attached to the welded steel plate shoes provided at the 
supports. For wire rope in this service the factor of safety should be not less 
than three. The size of rope required will be |-in. diameter or 1-in. diameter, 
depending upon the make-up and on the quality of the wire used. 

Use a steel-wire rope having a breaking strength not less than 60 k. 
Workmanship. —The construction of laminated members should bo under 
the supervision of properly qualified personnel. Gluing practices should take 
into consideration the characteristics and limitations of the specific glue used. 
All laminations should be of the same thickness, the moisture content should 
be as close as is practicable to the moisture content at which the member will 
be in service, and the surfaces should be properly prepared for gluing. To 
ensure proper gluing, provision must be made to obtain adequate pressure when 
the laminations are assembled and to maintain that pressure until the glue has 
set. 

218. Comparison of Roof Framing Systems. —^Make a comparison of the 
designs developed in Arts. 215, 216 and 217. Quantities of lumber and other 
material required per 1000 ft.^ of horizontal projection of roof surface are shown 
in Table 33 for each of the systems considered. By applying the appropriate 
unit costs for the different materials and for fabrication and erection, a com¬ 
parison of the cost of the various systems may be obtained. 
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TABLE 33 


Material Required per 1000 ft.^ of Horizontal Projection of Roof Area 


System 

Lumber, 

Feet, B.M. 

4-in. SR 

l-in. MB^s 
and 

Washers, 

Pounds 

Wire Rope 
and 

Fittings, 

Pounds 

Steel Angles, 
Plates, AB^s 
and 

Welded Shoes, 
Pounds 

Flat roof 

Decking - 2000 

Purlins = 870 

Truss = 1290 

Total «4160 

194 

200 


99 

Pitch roof 

Sheathing = 1077 

Joists = 1040 

Truss = 980 

Total = 3097 

133 

84 


35 

Arch roof 

Decking = 2100 
Arch rib *=1200 

Total = 3300 


7 

206 

276 














CHAPTER XVII 


TIMBER TRESTLES 

219. Design of Timber Bent for a Flume Trestle. —Design a two-post 
X-braced timber bent, resting on mud sills, as shown in Fig. 138. Height, 
from top of mud sills to top of cap, 18 ft. 7 in. Width, centre to centre of batter 
posts at under side of cap, 6 ft. Batter of posts, 1^ in. per ft. Bents spaced 
10 ft. centre to centre. 

Loads. —Three vertical loads of 7500 lb. applied as shown in Fig. 138. 
Resultant transverse wind force on flume, 1800 lb. per bent, applied 3 ft. 4 in. 
above top of cap. Wind force on bent 50 lb. per ft. of height. Weight of timber, 
4 lb. per ft. B.M. 

Materials. —Douglas fir, undressed. 

Permissible Stresses. —N.L.M.A. Spec.: 

Douglas fir, see Table 23; 

Nails, see Table 24; 

Soil, bearing presvsure, 5 tons per sq. ft. 

Assumptions. —^As this is a temporary structure, no special provision for 
anchorages to resist uplift will be made. For stress calculations, the height of 
bent will be assumed to be 18 ft., with the story heights as shown in Fig. 137. 
Nominal rough dimensions of timber will be used in the design. 

Axial Stresses from Vertical Loading. —Since the bracing carries no calcula¬ 
ble stresses except those due to wind, the stress in a post arising from the loads 
applied to the cap = vertical load X secant of angle of inclination of post to 
the vertical. This is 11,250 X 12.1/12 = 11,300 lb. Adding 300 lb. for the 
part of the weight of the bent borne by the upper segment of the post, and 
another 400 lb. for the additional weight borne by the lower segment, the dead- 
and live-load stresses in these two segments become 11,600 lb. and 12,000 lb., 
respectively. 

Compression in top strut (cap) due to dead and live loading is vertical load 
at top of post X tangent of angle of batter = 11,250 X 1.5/12 = 1410 lb. 

In the bottom strut, which acts as a tie under the vertical load, the stress is 
the vertical component of the post stress at the bottom X tangent of angle of 
batter. The vertical component, allowing for half the weight of the bent, is 
approximately 11,250 plus 700 = 11,950 lb. Tension in tie = 11,950 X 1.5/12 
= 1500 lb. 

Wind Stresses. —The wind stresses for the bent are determined graphically 
in Fig. 137. Horizontal forces, as determined from the data, are applied at 
windward panel points and at 3 ft. 4 in. above the top of the bent. Diagonals 
are assumed to take tension only. The dotted members above the cap of the 
bent are merely auxiliary members introduced to make possible a purely graph- 
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ical solution; they do not modify the stresses in the bent members. Determina¬ 
tion of the stresses is made from the top down. 

Each of the horizontal components of the reactions at the two post bases is 
assumed to be one-half the total horizontal wind force. In drawing the polygon 
for the windward post base, the length e/, equal to 1350 lb., is laid off from right 
to left on the load line, and the stresses at the post bases naturally follow. 



(a) 

Fig. 137.—Wind Stresses for Flume Bent. 

Cap ,—Reaction at centre of support, due to the symmetrical concentrated 
loading, = 3 X 7500/2 = 11,250 lb. 

Moment at centre due to concentrated loads = (11,250 X 3 — 7500 X 3.25)12 
= 112,500 in.-lb. 

Moment due to weight of cap, assuming it to weigh 21 p.l.f., = | X 21 
X (6)2 X 12 = 1134 in.-lb. 

Total moment at centre = 112,500 H- 1134 = 113,634 in.-lb. 

Required section modulus = 113,634/1450 = 78.4 in.® 

An 8 X 8-in. rough section will be used, giving a section modulus of 
6 X 8 X (8)2 = 85.3 in.®, which is adequate. 
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ELEMENTARY STRUCTURAL PROBLEMS 


The axial compression, amounting to 1410 lb. due to vertical loading and 
980 lb. due to wind, is amply provided for in the excess area of the section 
adopted. 

Vertical shear immediately inside a post = 3750 lb. 

Maximum intensity of longitudinal shearing stress, assuming a notch or 
“gain^^ of i in. over the post (Art. 201), = 1.5 Y/A = 1.5 X 3750/(8 X 7.5) = 
94 p.s.i., as compared with 120 p.s.i. allowed. 

Foste.—Because of the small height of the bent, the posts will be made of 
the same section from top to bottom; that is, the stress in the bottom story 
governs. 

Stress in lower section of post due to dead and live loading has already been 
found to be 12,000 lb. 

Maximum compressive wind stress in lower section of post, from Fig. 137, 
is 4510 lb. 

Total stress in post = 12,000 + 4510 = 16,510 lb. 

The bent is supported by both longitudinal and transverse struts at the 
dividing point between the stories, and hence the effective length of the lower 
section = 10 ft., or 120 in. 

Assume an 8 X 8-in. section. Value of l/d ~ 120/8 = 15. Hence, from 
specification, Pc = 1150 p.s.i. (Table 23). 

Required area = 16,510/1150 = 14.37 in.^ 

The 8 X 8-in. section is more than adequate to withstand the axial load, 
but will be employed to provide for the connection of the bracing members. 

Bracing. —Each diagonal bracing member will consist of a 2 X 6-in. plank. 
This is much in excess of stress requirements, as will be seen from Fig. 137, 
but it is the smallest practicable commercial section. 

The effective length of the intermediate transverse strut is approximately 
8 ft., and to keep the ratio of length to least lateral dimension down to 50, the 
thickness of a single plank will need to be = 1.92, say 2 in. For a 2 X 6-in. 
plank, l/d = 96/2 = 48, Pc = 230 p.s.i. (Table 23), and the required area for 
a total compression of 1780 lb. (see Fig. 137) = 1780/230 = 7.85 in.^ The area 
provided is 2 X 6 = 12 in.^, or more than needed. 

While under vertical loading there is a tension of 1500 lb. in the bottom 
horizontal member, and under wind a compression of only 790 lb., the member 
should be proportioned as a strut to provide for a possible reversal of stress 
from an extreme and unexpected wind load. 

The effective length of this bottom strut is about 128 in., and the necessary 
thickness of single plank = 128/50 = 2.56 in. A single 3 X 6-in. plank would 
satisfy the slenderness requirement. To obviate any tendency of the posts to 
twist about their own longitudinal axis, the bottom strut will be made of two 
2 X 6-in. planks, tied across with 2 X 6-in. battens at the third-points, as 
shown in Fig. 138. 

Longitudinal diagonal bracing between bents {not shown) should be inserted 
about every fourth or fifth span to give added security against collapse of the 
trestle longitudinally. A line of longitudinal waling pieces about 3 X 6 in. 
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should be run continuously along each side of the trestle at the level of the 
junction between stories. The latter are indicated in Fig. 138. 

Details ,—Shifting of the caps is obviated by notching them \ in. over the 
post tops and by one |-in. drift bolt, 1 ft. 4 in. long, driven into each post top, 
as shown in Fig. 138. 



The posts are seated on 10 X 10-in. mud sills 2 ft. long, with one J~in. drift 
bolt, 1 ft. 4 in. long, driven into each, as shown. The bearing area of a sill, 
240 sq. in., is adequate for the maximum post load of 16,510 lb. at the allowable 
soil pressure of 5 tons per sq. ft. 

Bracing members will be secured to the posts by 6-in. (60d) wire nails. 

Safe working transverse load on one nail = 1.6 X 223 = 334 lb. (Table 24). 
The increase of 50% is due to the short duration of the wind loading. The num¬ 
ber of nails in each member is readily calculated from the windnstress sheet. 
Fig. 137. 
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ANSWERS TO EXERCISE PROBLEMS 


Problems of Art. 20. —(1) Section ABFGCD] Area = 4.32 sq. in. (2) 
138,400 lb. (3) 4 X 4 X f-in. angle. (4) | in. (5) Section ABCD or EFGH; 
527,500 lb. (6) 17,550 lb. (7) 17,000 lb. (8) 4 X 3 X i-in. angle. (9) f in. 


(10) 0.875 P. (11) 6500 lb. per sq. in. 

(12) Safe; ft = 17,370 lb. per sq. in. 

(13) 15,260 lb. per sq. in. (14) 16,250 
lb. per sq. in. (15) Safe; ft = 18,320 
lb. per sq. in. at section ABCD, 

Problems of Art. 36. —(1) Five. (2) 
Three. (3) Four. (4) Six. (5) 22.2 
theoretically, 24 practically. (6) 13,500 
lb. (7) 14.8%. (8) See Fig. 139 for 

detail. (9) 6000 lb. and 0 lb. (10) 
7640 lb. on rivet 1, 4000 lb. on 2, and 
3200 lb. on 3. (11) Adopt two gauge 
lines 1| and 3j in. from the back of the 



Fig. 139.—Connection of Tension Meir.ber 
for Maximum Efficiency. 


4-in. legs. Use 6 rivets spaced 2 in. staggered, except for outer space which 
should be 2\ in. End distance for angles and edge distance for gusset 1§ in. 
Capacity = 53,000 lb. (12) See Fig. 140. (13) (a) AB for the full load; area. 
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Fig. 140.—Design of Forked Hanger. 


30.94 sq. in.; 31.05 sq. in. required. CD for partly transferred load (452,000 
lb.); area, 28.19 sq. in.; 28.25 sq. in. required. (6) 529,000 lb. (c) 12.04 sq. in. 
required; 12.00 sq. in. provided, (d) Rivets equal in strength to those through 
the |-in. plates and the gussets. Smallest practicable number = 16 shop and 
16 field, (c) Smallest practicable number = 16. 
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Problems of Art. 64.—(1) 60,000 lb. (2) 221,000 lb. (3) Safe load, 302,- 
000 lb. (4) Maximum existing stress, 8820 lb. per sq. in.; permissible, 9000 
lb. per sq. in. (5) 6-in., 25.0-lb. Carnegie H. (6) 8-in., 34.3-lb. Carnegie H; 
8-in., 35-lb. W.F.; or two 6-in., 8.2-lb. channels with two 8 X plates. 

(7) Unsafe; maximum existing stress, 10,250 lb. per sq. in.; permissible, 9290 lb. 
per sq. in. (8) Unsafe; maximum existing stress, 14,010 lb. per sq. in.; per¬ 
missible, 12,710 lb. per sq. in. (9) 118,200 lb. (10) Safe; maximum existing 
stress, 8330 lb. per sq. in.; permissible, 10,000 lb. per sq. in. (11) 11,270 lb. 
per sq. in. (12) 6-in., 25.0-lb. Carnegie H. (13) 8-in., 31-lb. W.F. with web 
in plane of bending. 

Problems qf Art. 71.—(1) Six. (2) 2040 lb. (3) 17,680 lb. (4) 2070 lb. 
Permissible tension, 2650 lb. (5) 10,350 lb. per sq. in. (6) 2i X iVin. bars. 

Problems of Art. 112.—(1) 7-in., 15.3-lb. I. (2) 8-in., 20-lb. W.F. (3) 8-in., 
17-lb. W.F. (4) (a) 76,800 in.-lb. (6) 4000 lb. (5) 6000 lb. (6) 14-in., 30-lb. 
W.F. (7) Safe; = 10,770 lb. per sq. in., pf = 10,860 lb. per sq. in.; = 
fdc == 2360 lb. per sq. in. (8) Unsafe; fe — 15,530 lb. per sq. in.; p/ = 8800 
lb. per sq. in.;/, = fdc = 1145 lb. per sq. in. (9) 12-in., 27-lb. W.F. (10) No; 
fe = 9940 lb. per sq. in. Pf = 9250 lb. per sq. in. (11) Unsafe; fe = 12,580 
lb. per sq. in., pf = 12,400 lb. per sq. in.;/, = fdc = 2175 lb. per sq. in. (12) 
12-in., 27-lb. W.F. (13) 20,400 lb. (14) 19,120 lb. (15) 2686 lb. (16) Un¬ 
safe; fe = 20,550 lb. per sq. in.; /« = fdc = 4530 lb. per sq. in. (17) 30,930 
lb. (18) 0.165 in. (19) Safe; /„, = 10,550 lb. per sq. in. Pvc = 13,070 lb. 
per sq. in. (20) 10-in., 30-lb. I. (21) Unsafe in vertical compression; /, = 
fdc = 8000 lb. per sq. in.; fvc = 15,230 lb. per sq. in. pdc = Pw = 10,200 lb. 
per sq. in. (22) Unsafe in vertical compression; /, = fdc = 9520 lb. per sq. 

in.; Pdc = 12,040 lb. per sq. in. fvc = 17,600 lb. per sq. in.; pvc — 11,940 lb. 

per sq. in. (23) Unsafe in vertical compression; /, = fdc = 9080 lb. per sq. 

in.; Pdc = 10,025 lb. per sq. in.; fvc = 15,550 lb. per sq. in.; Pvc == 12,230 lb. 

per sq. in. (24) Safe at load; unsafe in vertical compression at support, where 
fvc = 14,040 lb. per sq. in., and pvc = 12,670 lb. per sq. in. (25) Unsafe in 
vertical compression;// = 17,780 lb. per sq. in.;/, = fdc = 8320 lb. per sq. in.; 
Pdc = 11,470 lb. per sq. in.; fvc = 14,560 lb. per sq. in.; pvc = 13,080 lb. per 
sq. in. (26) Unsafe in flexure at centre;/<. = 21,650 lb. per sq. in.; otherwise 
safe. (27) 84,000 in.-lb. (28) Two 5-in., 10-lb. I’s. (29y Two 4-in., 7.7-lb. 
Fs (deflection governs). (30) 2530 lb. per lineal ft. (31) 22,240 lb. (32) Safe; 
fe = 15,550 lb. per sq. in.; /, = fdc = 1340 lb. per sq. in. (33) 43,300 
lb. (34) 74,900 lb. (35) 2355 lb. per lineal ft. (36) Unsafe; /, = 16,420 lb. 
per sq. in. (37) 27,500 lb. (38) Six. (39) 19.45 ft. (40) 3.1, say 4. (41) 5.3 
shop, say 6; 6.9 field, say 8. (42) 2 shop; 2.7 field, say 4; |-in. angles. (43) 
8000 lb. (44) 3.9, say 4. (45) 7.5, say 8; one row of 4 in each outstanding leg. 
(46) 13,020 lb. per sq. in. (47) Yes;/„<, = 8030 lb. per sq. in,; pvc = 12,210 
lb. per sq. in. (48) 75201b. (49) 37,700 Ib.^ (50) 61,800 in.-lb. (51) 113.41b. 
per lin. ft. 

Problems of Art. 118.—(1) 487 inf; 0.5<^8 in. above gravity axis of gross 
section. (2) 98,040 lb. (3) 36 required in each plate from centre of bearing 
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to centre of span. Space 6 in. in each row from centre to within about 2 ft. of 
end of outer cover plate; from there to end space about 4 in. centres. (4) 3500 
lb. per lin. ft., determined by flexure. (5) 16.8 and 24.0 ft. 

Problems of Art. 131. —(1) No; /« = /dc = 6670 lb. per sq. in. p, * pde 
= 5420 lb. per sq. in. (2) 8,010,000 in.-lb. (3) 3,790,000 in.-lb., based on 
compression flange. (4) Two angles, 6 X 4 X 2 (5) Two angles, 6X6 

X I in. (6) Safe in shear and diagonal compression; /, = /dc = 4170 lb. per 
sq. in. Slightly overstressed in tosion flange; ft = 16,010 and/c = 14,700 lb. 
per sq. in. (7) Safe in shear and diagonal compression; /* = /dc == 5040 lb. 
per sq. in.; p« = pdc = 9470 lb. per sq. in. Slightly overstressed in tension 
flange; ft = 17,050 lb. per sq. in.. /<. = 15,550 lb. per sq. in. (8) 3490 lb. per 
lin. ft. (9) 14.44 sq. in. QO) Web, 36 X | in. Each flange, two an^es 
6 X 6 X A in., and two plntes 14 X f in. (11) 28.9 ft. (12) 8.75 and 
10.25 ft. (13) 19.6, 27.7 and 33.9 ft. (14) 23.4 and 25.0 ft. (15) 25.5 and 
27.5 ft. (16) 22 rivets. (17) 4.79 in. for top; 4.92 in. for bottom flange. 
(18) 7.90 in. (19) 7.07 in. (20) 3.49 in. (21) 7.29 in. (22) 4.83 in. (23) 
5.02 in. (24) Adequate; 2.28 in. permissible. 

Problems of Art. 162. —(1) 65.625 kip-ft.; one load at point and the 
other two on the 11-ft. segment. (2) 191.67 kip-ft. (3) 218.75 kip-ft. (4) 
206.67 kip-ft. (5) 150 kip-ft. Absolute maximum moment occurs at 0.5 ft. 
from mid-span. (6) 48 kip-ft. (7) 35.6 kip-ft. (8) 68 kip-ft. (9) 112.7 
kip-ft. (10) 158.33 kip-ft. (11) 150 kip-ft. (12) 183 kip-ft. (13) 216.8 
kip-ft. (14) 45 kip-ft. (15) 1314.3 kip-ft. with wheel 6 at third panel point 
(32 ft. from end). (16) 160 kip-ft. (17) Shear, 53.3 kips; moment, 213.3 

kip-ft. (18) 15-kip load at the point and 8-kip load on the short segment; 

shear, 14.5 kips. (19) 21.35 kips. (20) 12,600 lb. (21) Theoretical, 46,400 
lb.; conventional, 47,300 lb. (22) Correct, 8000 lb.; conventional, 9000 lb. 
(23) Correct, 6750 lb.; conventional, 8100 lb. (24) 18 kips. (25) 12,730 lb. 
(26) 22,400 ft.-lb. (27) 16,550 ft.-lb. (28) 21,000 ft.-lb. (29) 11,250 ft.-lb. 
(30) 16,670 lb. (31) 31,250 lb. (32) 17,650 lb. (33) 57,800 ft.-lb. (34) 
279,790 ft.-lb. (35) 74,300 ft.-lb. (36) 38,600 lb. 

Problems of Art. 183.— (1) 3| in. (2) 18.9 k. (3) 14.8 k. (4) 7 in.; 5| in. 

Problems of Art. 200.— (1) llj X Hi in. (2) Unsafe; ^ = 1.05 > 1. 

Pc Pf 

(3) 829 p.s.i. (4) Safe; ^ ^ = 0.97 > 1. (5) Unsafe; ^ = 1.06 > 1. 

Pc Pf Pc Pf 

(6) 12 X 16 in. (7) Two 2f X 7| in. (8) Unsafe; fc = 1100 p.s.i. > Pc — 
1000 p.s.i. 

Problems of Art. 214. —(1) 6 X 10 in. (2) Unsafe;/, = 127 p.s.i. > p, = 120 
p.s.i. (3) Safe;/, = 97 p.s.i. (4) 417 p.s.i. (5) 6 X 10 in. (6) Yes;// = 1440 
p.s.i. (7) 4 X 10 in. (S4S). (8) 10 X 14 in. (S4S). (9) 1097 p.l.f. (10) 8 X 12 
in.(S4S). (11) 8Xl2in.or6Xl4in. (12) 1276p.s.i. (13) 63p.s.i. (14) 107 
p.s.i. (15) 141 p.s.i. (16) 96 p.s.i. (17) Unsafe: // = 1565 p.s.i.; /, = 158 
p.s.i. (18) Beams framing in at third-points and at columns. 2 in. nominal, 
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if in. dressed. (19) Safe in flexure;// = 696 p.s.i.; deflection excessive, 0.36 
in. > i/360. (20) Satisfactory;// = 565 p.s.i.; A = 0.198 in. (21) 8 X 12 in. 
(S4S). (22) 6 X 12 in. (S4S). (23) 4.62 in.-k. (24) Dressed, 1 in. (25) 18.75 
in.-k. (26) 4 X 8 in. (S4S). 
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DERIVATION OF CERTAIN FORMULAE 


Al. Eq. (6), Art. 1, for Area Required for Combined Stress. —If the effect 
of deflection is to be considered, evidently the final term of Eq. (4) of Art. 1 
would be altered in the same ratio as the final term of Eq. (3) is altered to give 
the final term of Eq. (5). Hence, the final term of Eq. (6) becomes 



A2. Equations of Art. 68 Respect¬ 
ing Anchorage of a Column Base.— 

Determination of anchor bolt tension 
and compressive stress on the pedestal at 
the toe of a column base due to over¬ 
turning moment can be made with 
accuracy only by taking into account 
the elastic properties of the construc¬ 
tion. A convenient method of doing 
this is one developed by Wendt (see 
Engineering Record^ Oct. 17, 1914, p. 
441). The method is applicable in all 
cases where the base plate tends to lift 
off the masonry at the windward edge, 
but is not applicable where there is no 
tension in the windward anchor bolts 
(J.E. Lothers, Engineering News~Record^ 
Jan. 3, 1935, p. 5). 

If the column is subjected to an axial 
load R'y with an eccentricity e', and an 
additional overturning moment Af', it is 
convenient to replace the two, shown 
dotted in Fig. 141(a), by a single force 
R = R' acting with an eccentricity of 

M' -f R'e' 
e =--- 



Three equations may be set up to make possible the determination of the 
three independent unknowns, which are the anchor bolt tension, T, the existing 
maximum compressive stress, /c, and the width of the pressure triangle, kdj 
Fig. 141(6). 
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First, since the sum of the vertical forces is zero, we have, if Q be the total 
compression, 


R+T-Q = 0 


( 1 ) 


Second, the sum of the moments at the contact of the base with the pedestal 
must be zero. If the substitute single force R act at a distance a from the toe 
of the base (positive if outside, and negative if inside, the toe) and if the distance 
from the toe to the active anchor bolts be d. 


Third, if the base plate be considered as remaining a plane under stress, the 
displacements of the bottom of the plate from the original plane of the top of 
the pedestal will be proportional to the distance from the neutral axis, Fig. 141 (c). 
If the effective vertical depth of the pedestal be considered as the embedment 
length, I, of the anchor bolts, and the vortical displacements of the plate at the 
anchor bolt and the compressed edge of the plate be Ale and A?c, respectively, 
then 


Applying Hookers law. 


Alt _ d — kd 

Me 


Ak^ 


Tl 

AffEa 


(3) 



where Ag — gross area of the active anchor bolt; 

Ea = modulus of elasticity of the embedded anchor bolt, making due 
allowance for the effect of the encasement; and 
Ec = modulus of elasticity of the concrete in compression under the base 
plate, making allowance for the relation of the loaded area to the 
area of the top of the pedestal. 

Making use of these expressions, and letting Eg/Ec = n, Eq. (3) may be 
written 

Introducing in Eq. (1) the value of R from Eq. (2) and the value of Q, which 
is I fchkd, where b = breadth of the base, we have 


T 


^ kd 

a - 

3 

kd 


+ T 


zb a 


T 

2nAg 


kd 

d-kd 


6A;d = 0 
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Letting ^ ~ this may be written 


Z^dbttZ^ + Z 
If, for simplicity, we let 


2 nAg (d db a) 2 nAgd (d ± a) 


36 

2 nAg (d rt a) 


96 


= C 


then 


96 

z^ az^ + ^Cz — Cd 


( 6 ) 


Solution of Eq. (5) fixes the width, M, of the pressure triangle. 
z being known, the anchor bolt tension may be found by rearranging Eq. (2), 
thus 


T = R‘ 


Zzha 
d — z 


( 6 ) 


The maximum compression is found from Eq. (1) by expressing Q in terms 
of /c, 6 and z, from which 


1.5 bz 


(7) 


A3. Equations of Art. 69 Respecting Moment Developed by Tension 
Rivets in Brackets. —As a result of elastic analyses similar to that by Jacob 
Friedland in Engineering News, April 25,1912, p. 786, it appears that the neutral 
axis for brackets and beam connections is about one-seventh of the detail up 
from the bottom. 

Referring to Fig. 36, it is evident that the total moment of resistance of the 
bracket, taken about the neutral axis, is 

M = M' + M" (A) 

where M' = moment of resistance of the tensile forces and M" = moment of 
resistance of the toe compression. 

Now the total compression equals the total tension, or 


C = Ti -h Tj + Ta + ... = ZTn 


(B) 


As the arm of C with respect to the neutral axis is 6, the depth of the whole 
bracket being 6, then 


ilf" 


2h ^ _2h 
21 ’ 21 ‘ 


But STn = sum of the tensile forces in the rivets = TSd, where T = tension 
in a hypothetical rivet at 1 in. from the neutral axis, and d = distance of any 
rivet from this axis. 

Further, the moment of resistance of any rivet distant d from the neutral 
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axis is rd X d = I’d*, and the total moment of resistance developed by all the 
tension rivets is 

M' = STd* 


Whence, 



(O 


Eq. (A) may then be written 

M = M' + — 
21 


Jlf'Sd 

Sd’i 


or 


Af' = 


M 


2 hlld 


(i)) 


Since tensile stress is proportionate to the distance from the neutral axis, 


Tr^^Tdn^ 


M'd n 


[E) 


Equations (D) and {E) arc Eqs. ( 1 ) and ( 2 ) of Art. 59. 

A4. Eq. ( 1 ), Art. 82, Relating to Length of Reinforcing Plates for Beams 
or Box Girders,—Let the net section moduli of the second plate and the 
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Fig. 142.—Length of lleinforcing Plates. 


punched beam at mid-span, with respect to the maximum section, be 52 and 
S 3 , respectively, and let them be S 2 ' and S 3 ' for these elements at the theoretical 
cut-off of the first and second plates with respect to the net section there existing, 
as indicated in Fig. 142. Let the required net section modulus of the outer 
(first) plate at the point where it might be dispensed with be s/. 

For a uniform load, and for a constant flexural stress along the beam, the 
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demand for section modulus is represented by tbe parabola AB, having its vertex 
at mid-span. Then 



where S = total required section modulus at mid-span. Hence, the theoretical 
length of the outer plate is 



and similarly, 
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A 

Anchorage, column, 50, 51, 54, 319 
plate girder, 163 
roof truss, 178, 183 
Answers to exercise problems, 315 
Arch, timber, 306 

B 

Bases, column, 49-58 

riveted steel, 50, 53, 54 
steel plate, 49 
Beams, steel, 74-125 
bearings, 121-123 
buckling lateraUy, 78-80, 87, 88 
cantilever beam, 87 
combined stress, 75 
connections, rivetoed, 116-119 
welded, 119 

continuous beam, 74, 88 
deflection, 75, 89, 90 
diagonal compression in web, 75, 80, 
107 

exercise problems, 123 
flange buckling, 78-80, 87, 88 
floor panel, 109 
formulae, 74 
grillage footing, 105 
lateral loading, 96 
lateral support, 78-80, 87, 88 
length of reinforcing plates, 84, 322 
lintel, 100 
moment, 74, 78, 79 
overhanging of supports, 86 
perforation effect, 75, 81, 83 
purlins, 93, 94, 173 
reinforcement, for flexure, 83 
for shear, 98 
for web crippling, 97 


Beams, steel, restraint at ends, 79,87,88 
section modulus, net, 81, 83 
shear, 74, 80, 98 
riveting of reinforcing plates, 85 
torsion, 101, 103 
trussed beam, 91 

unsymmetrical bending, 74, 93, 94 
vertical compression in web, 75, 80, 
97, 109 

web crippling, 75, 80, 97, 107-109 
timber, 286-298 
continuous, 289-295, 304 
critical shearing force, 286 
decking, 295, 299 
deflection, 288, 290, 291, 293, 295 
details, 292 
exercise problems, 295 
flooring, 289, 290 
form factors, 286 
fundamental formulae, 286 
longitudinal force, 293 
mill construction panel, 290-292 
purlin, 287, 293, 299 
rafter, 292, 293 
restrained, 289 
shear, 286 

unsymmetrical bending, 293, 294 
Bearings, beams, 121-123 
box girders, 133 
plate girders, 164 
trusses, 178 
Bent, building, 183 
runway, 194 
timber, 310 
Box girders, 129-140 
bearings, 133 
compensated section, 135 
deflection, 131 
exercise problems, 140 
formulae, 129 
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Box girders^ length of cover plates, 129, 
132, 138, 322 

moment of inertia, net, 129, 132 
rivet pitch in flanges, 129, 136 
section modulus, net, 129, 132, 135 
shear, 133 

uncompensated section, 131 
web buckling, 133 

Brackets, column, 58, 60, 62, 63, 321 
Bridge, steel highway, 232-256 
bearings, 255 
floor beams, 242, 244 
floor slab, 237 
general dimensions, 237 
handrail, 256 
impact, 250 

proportioning truss members, 250 
specification, 232 
stringers, 240, 241 
truss stresses, 246 

C 

Caps, column, 66 

Column details, see Compression mem¬ 
ber details. 

Columns, see Compression m(*mb(*rs. 
Combined stress, compnvssion and flex¬ 
ure, 33, 36, 37, 39, 40, 42, 46, 276 
flexure and torsion, 101, 103 
shear and tension, 63 
tension and flexure, 1, 8, 11-15, 319 
torsion and shear, 101, 103 
Compression member details, steel, 49- 
73 

basts steel plate, 49 
base subjected to overturning, 54, 
305 

bases, riveted, 50, 53, 54 
brackets, riveted, 58, 62, 63, 321 
welded, 60 
cap, 66 

exercise problems, 72 
latticing of columns, 70, 71 
overturning effect on column base, 
54 

pin connection, 68 
rivet tension in brackets, 58, 62, 65 
splices for columns, 68, 69 
timber, 281-284 


Compression members, metallic, 33-48 
buckling laterally, 38 
cast iron, 34 
centric loading, 34, 35 
combined stresses, 33, 36, 37, 39, 40, 
42, 46 

corner column, 44 
crane runway column, 42, 201 
deflection effect on stress, 33, 39 
eccentric loading, 33, 36, 37, 39, 40, 
42, 44 

end restraint, 36 
exercise problems, 47 
formulae, 33 
lateral support, 35, 38 
long columns, 35 
orientation, 37 
stay members, 38 
timber, 274-285 
capacity of column, 279, 280 
centrically loaded column, 279, 280 
combined stresses, 276 
defli'ction, 278 

eccentrically loaded column, 278, 
280 

end spacer blocks, 275-277 
exercise problems, 285 
intermediate-length column, 278 
long column, 278 

spaced columns, 275-277, 279-281 
Connections, beams, 116-119, 292 
compression members, steel, 49-73 
timber, 281-284 
tension members, steel, 18-32 
timber, 270-272, 282, 283 
timber, bolts, 264, 265, 271 
lag screws, 259, 263 
nails, 259, 262 
shear plate, 268, 284 
split ring, 266, 271-273, 281-283 
spikes, 259, 262 
truss, timber, 282-284 
Connectors, timber, shear plates, 268 
split rings, 266 

Continuity, beams, 79, 88, 91, 95, 96, 
109, 289, 304 
decking, 295, 306 
flooring, 290 
sheathing, 295 

Cover plates, see Flange plates. 



INDEX 


337 


Cranes and crane supports, 191-211 
jib crane, 191-194 
runway bent, 194-201 
runway girder, 209-211 
side column, 201-209 

D 

Decking, 295, 299, 306 
Deflection, beams, 75, 89, 90, 288, 291, 
293 

columns, 33, 39, 41, 42, 47, 278 

decking, 295 

flooring, 289, 290 

girders, 131, 143, 291 

sheathing, 295 

trusses, 186, 188 

E 

Eccentricity, columns, 33, 36, 37, 39, 40, 
42, 44, 51, 278 
tension members, 1, 11, 12 
Exercise problems, beams and beam de¬ 
tails, steel, 123 

beams and beam details, timber, 295 
box girders, 140 

compression member details, steel, 72 
compression members, steel, 47 
compression members and details, 
timber, 285 
plate girders, 168 
tension member details, steel, 30 
tension membt'rs, steel, 16 
tension members and details, timber, 
273 

F 

Flange buckling, 78-80, 87, 88 
Flange plates, beams, 83, 322 
box girders, 131, 135, 138, 322 
plate girders, 142, 147, 149, 151, 162 
Flange riveting, beams, 85 
box girders, 129, 136 
plate girders, 143, 152, 154, 165 
Flanges, sloping, 142, 150, 154 
Flexure, see Beams. 

Flooring, no, 237, 290 
Footings, 54, 105, 313 


Formulae, beams, 74 
box girders, 129 
compression members, 33 
derivation of certain, 319 
plate girders, 141 

tension members and details, 1, 21 
G 

Girders, box, 129-140 
plate, 141-170 
rolled steel, 116 
runway, 209 
timber, 291 

J 

Joists, see Beams. 

L 

Lateral support, beams, 78-80, 87, 88 
columns, 35, 88 
girders, 161 
Lintels, 100 

M 

Moment of inertia, see under member. 
Moment of resistance, see under mem¬ 
ber or detail. 

Moments, see under member or detail. 
Moving loads, 212-231 
conventional shear, 213, 226 
exercise problems, 229 
formulae, 212 

maximum floor-beam or column con¬ 
centration, 214, 228 
maximum moment at panel point, 212, 
219, 221 

maximum moment in beam, 212, 215, 
217, 218 

maximum shear in a beam, 213, 223 
maximum shear in a panel, 213, 224, 
226 

maximum stress in members of a 
curved chord truss, 213 

N 

Net section, 3-7 
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P 

Pin connections, 28, 68 

Plate girders, 141-170 
bearings, 164 

combined flange stresses, 143 
deflection, 143 
diagonal compression, 146 
exercise problems, 168 
flange area, 141, 161 
flange stress, 141, 142, 148, 150 
formulae, 141 
lateral moment, 143 
lateral support, 161 
length of flange plates, 142, 151, 162 
moment of resistance, 141, 146 
rivet pitch in flange's, 143, 152, 154, 
165 

section modulus, 147 
shear, 141, 145, 160, 161 
sloping flanges, 142, 150, 154 
stiffeners, end, 162 
intermediate, 143, 164 
web area, 141 
web splice, 156, 158, 167 

Posts, see Compression members. 

Purlins 

steel, 93, 94, 173 
timber, 287, 293, 299 

R 

Rafters, 292 

Restraint, see Continuity. 

Riveting, see under member connected. 

Roof framing systems, timber, 299-309 
arch roof, 306 
comparison, 308 
decking, 295, 299, 306 
details, 302, 305, 307 
flat roof, 299-303 
joists, 288, 303 
pitch roof, 303-306 
purlins, 287, 293, 299 
rafter, 292 
sheathing, 295 
stresses in trusses, 300, 304 

Roof trusses, steel, 171-190 
bearings, 178 
bent, 183 


Roof trusses, steel, cantilever shelter 
truss, 178 
details, 177, 182 
general dimensions, 172, 179 
panel loads, 174, 179 
proportioning of members, 174, 181 
stresses, 174, 180,’183 
Warren truss on masonry walls, 171 
timber, 299-305 

S 

Secondary stress, 7, 18, 171, 174, 177, 
179, 234, 251 

Section modulus, see under member. 

Shear, see under member. 

Sheathing, 303 

Slabs, concrete, 110, 237 

Splices, column, steel, 68, 69 
timber, 281 

tension member, timber, 270-272, 302, 
305 

Stiffeners, end, 162 
intermediate, 143, 164 
spacing, 143, 161, 164 

Struts, see Compression members. 

T 

Tension member details, steel, 18-32 
connection, of channel member, 21 
of one leg of angle, 20 
of two legs of angle, 23 
efficiency of connection, 19 
exercise problems, 30 
formulae, 18 

improving rivet value, 21 
pin connection, 28 
secondary stress, 18 
welded connections, 24-28 
timber, 270-273, 282, 283 
bolt stresses, 264, 265, 270 
exercise problems, 273 
fish plate and filler splice, 270 
split-ring connectors, 271-273, 282, 
283 

Tension members, steel, 1-17 

angles connected by one leg, 7, 8 
angles connected by two legs, 7, 9, 
14 
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Tension members, steel, centric load- 
ing, 1 

channel type member, 10, 11, 12 
combined stresses in, 1, 8, 11-15 
deduction for rivet holes, 3-7 
deflection effect on stress, 1, 15 
eccentric loading, 1, 11, 12 
exercise problems, 16 
eye bars, 3, 15 
formulae, 1 
lug angles, 7, 9 
moment suppressed, 10 
net section, 3-7 
rods, 2 

under bending, 1 
unsymmetrical bending, 8 
timber, 270-273, 300, 303, 304 
exercise problems, 273 
Timber, arch, 306 
beams, 286-298 
compression members, 274-285 
connectors, 266-284 
grade, 257 

joint connections, 270-272, 282-284 
permissible stresses, 257, 260, 261 
species, 257 


Timber, specifications, 257 
standard sizes, 258 
properties of, 258 

tension members, 270-273, 282, 283 
trusses, 299-305 
Torsion, 101, 103 
Trestle, timber, 310-313 
bracing, 312 
cap, 311 
details, 313 
posts, 312 
sills, 313 
stresses, 310-312 
Trusses, steel, 171, 178, 183,186 
timber, 299-305 

W 

Webs, see under member. 

Wind stresses, building bent, 183 
flume bent, 311 
runway bent, 138 
side column, 202 
trusses, 179 

Wooden members and details, see under 
member or detail. 





